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biptpy 4'-(p-biphenyl)- 2,2':6'2"-terpyridine 
bpy 2,2'-bipyridine 
mbpy 4,4'- dimethyl-2,2'-bipyridine 
AQS anthraquinone-4-sulfonic acid 
AQC anthraquinone-4-carboxylic acid 
BQ 1,4-benzoquinone 
DIBA1H diisopropyl aluminium hydride 




Rf Retention factor 







6 chemical shift 
J coupling constant 
COSY COrrelation SpectroscopY 
TOCSY Total Correlation SpectroscopY 
NOE Nuclear Overhauser Effect 
ROESY Rotating-frame Overhauser Enhancement SpectroscopY 
V 
MS Mass Spectrometry 
FAB Fast Atom Bombardment 
El Electron Impact 
ES Electrospray 
mass/charge ratio 
NOBA nitrobenzyl alcohol 
LYV Ultraviolet 
wavelength 




PMT Photo-multiplier Tube 
'MLCT singlet Metal to Ligand Charge Transfer 
3MLCT triplet Metal to Ligand Charge Transfer 
LC Ligand Centred 
Eox 	reduction potential of oxidising compound 
reduction potential of reducing compound 




Cyclodextrin receptors have been employed to build supramolecular systems consisting of metal 
and organic photo/redox- active components. The photoinduced communication between redox-
active units assembled in water via non-covalent interactions is established. Receptor ]igands 
consisting of a -cyc1odextrin functionalised with a terpyridine or bipyridine unit, ttp-[3-CD and 
mbpy-[3-CD respectively, and their ruthenium(I1) metal complexes [(ttp--CD)Ru(ttp)][PFj 2, [(ttp- 
f3-CD)Ru(tpy)] [PF 51 2, [(ttp-13-CD)2RuI  [PFJ 2, and [(mbpy--CD) 3Ruj [PF 2 are synthesised and fully 
characterised. Addition of redox active guests, such as quinones, to aqueous solutions of [(ttp-- 
CD)Ru(ttp)I[PFJ2 or [(mbpy-3-CD) 3Ruj[PF612, leads to a quenching of the 3MLCT emission which 
is attributed to intramolecular electron transfer from the ruthenium centre to the non-covalendy 
bound guest in the cyclodextrin cavity. Metallo acceptor guests with a hydrophobic binding unit to 
assure assembly in the cyclodextrin, such as [(biptpy)Os(tpy)][PFJ 2 are investigated to study metal-
metal communication. Time resolved spectroscopy and steady state experimental results are given. 
Binding studies with permethylated 13-cyclodextrin to obtain association constants of 
anthraquinone-4-sulfonic acid, anthraquinone-4-carboxylic acid and benzoquine are performed by 
emission spectroscopy. Inclusion of a biphenyl unit in permethylated 3-cyclodextrmn is studied by 
UV/Vis spectroscopy, using 4'-(p-biphenyl)-2,2':6'2"-terpyridine and Zn(biptpy)J[PF 5] 2 as model 
compounds for a 1:1 and 1:2 inclusion complex formation respectively. 
The assembly of cyclodextrin recognition sites in macromolecular structures by using simple 
coordination chemistry is presented. Tris-cyclodextrin complexes are prepared by reaction of the 
bidentate ligand mbpy-43-CD with iron(II) and rutheniuim(Il) or by reaction of the tertendate 
ligand ttp--CD with europium(JI1). Bis-cyclodextrin complexes are obtained by addition of 
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Over the last two decades, the field of inorganic photochemistry has experienced an 
explosion in interest and experimental investigation. The significance of light as a source of 
energy has been recognized and systems for its exploitation developed. Supramolecular 
chemistry and development of molecular recognition compounds has contributed to a large 
extent in this respect and coordination chemistry led the way to the development of 
functional materials with favorable photophysical properties. 
In this Thesis I wish to investigate the use of simple coordination chemistry and 
supramolecular principles to build photoactive devices for the study of electron and energy 
transfer processes via non-covalent bonds. Receptor chemistry is employed to follow, 
nature's paradigm of energy conversion by electron and energy transfer processes without 
the requirement of a synthetic covalent linkage. The design of a system capable of the 
capture and transfer of solar light energy will enable us to gain knowledge about process 
influencing factors and further understanding. of the role of each contributing component 
in order to improve the efficiency of light conversion. 
1.1 Energy conversion 
In order to extend the sources for our steadily increasing requirement for power, solar 
technology is a solution to the energy problem."' The limitations of the earth's resources 
and environmental considerations together with other influences have been helping to 
create a more favourable climate for the consideration of alternative energy conversion 
concepts such as solar energy. The sun releases energy at a rate of about 3*1020  kJ every 
three seconds.' About 1*1018  kJ solar energy reaches the earth every year, which would be 
sufficient to solve our energy problem. Some of the solar radiation arriving at the earth's 
surface though is scattered and reflected, reducing the peak solar irradiance on earth to 
about 1.0 kJ/m2. This low potential leads to the requirement of large collectors to achieve 
an appreciable amount of power. Energy is sought to be "concentrated" and 
photochemistry is one of the frontier areas that offer some hope for the efficient storing of 
solar energy. 
The main photochemical methods include design of photosynthetic and photogalvanic 
devices. Their development involves molecular design and therefore represents a 
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continuous challenge for chemists. Processes with cheap and abundant raw materials have 
to be found "'to make solar energy compatible with current fuel prizes. 
In photosynthesis, nature uses carbon dioxide, water and the sunlight to store energy in 
the form of carbohydrates in a very efficient way. Chlorophylls and carotenoids serve as 
light harvesting centres, transferring the energy through a long conjugated it-system to an 
accepting quinone group in order to obtain a highly energetic, long-lived charge separated 
state that can provide the energy for further chemical reactions and produce the required 
carbohydrates. 
By mimicking photosynthesis, chemists have found a way to capture solar energy and 
convert it to electrical energy. The demand for compounds that highly absorb light in the 
visible region and can consequently transfer the energy to another part of the molecule is a 
constant challenge. The two major approaches in the development of these photoactive 
species are the modification of porphyrin-based molecules to closely simulate nature and 
the employment of synthetic dyes, such as photoactive metal complexes. 
1.1.1 Porphyrin based systems 
In nature, chlorophyll acts as light harvester and is responsible for the primary charge 
separation. Upon irradiation with light, an electron is promoted from the porphyrin to an 
appended electron acceptor, such as a quinone, to conserve the energy potential. In 
artificial photosynthesis, linking synthetic porphyrins via covalent or non-covalent bonds to 
different electron donor and acceptor molecules mimics this concept. Porphyrin-quinone 
systems are very attractive candidates and have been intensively investigated. The quinone 
is connected via a spacer unit to the porphyrin and upon light irradiation an electron is 
promoted from the porphyrin centre to the quinone acceptor, creating a high-energy 
charge separated state. If this state is long enough lived, its energy can be used for further 
chemical reactions, and hence energy is stored. Modification of the porphyrin moiety by 
incorporating suitable substituents to improve the light absorbing properties and the 
employment of different quinones are investigated to optimise these systems for artificial 
photosynthesis. 
Gust and Moor 6-10  have extensively explored the use of porphyrins as light harvester 
molecules modified with cartenoids as secondary donors and a quinone as electron 
acceptor (structure(L)) 6 to promote long lived charge separation. The presence of the 
cartenoid was found to prolong the lifetime of the charge separated species, with the 
2 
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distance of the quinone quencher to the chromophore being an important factor. 
Improvement by reducing the rotational freedom of the quinone, however, was found to 
be necessary to make the electron transfer processes more efficient. A commercial 
application of porphyrine based solar cells has not yet been launched due to the high costs 
of the chromophores and the short lifetime of the cells. 
(I) 
1.1.2 Synthetic dyes 
In contrast to the aforementioned approach of using porphyrin-based chroinophores, 
we are interested in metal-based systems due to their attractive photo- and redox 
properties. Basic requirements for such chemical dyes are the strong absorbance in the 
solar light region and a reasonable long lifetime of the excited species. Due to their 
outstanding photophysical properties (see Chapter 1.3.1), ruthenium trisbipyridyl 
complexes have been found to be ideal candidates in this respect and a lot of applications 
in solar energy storage have already been developed. Photogalvanic cells and photolysis of 
water with ruthenium bipyridine compounds as photoactive components are the most 
popular among them. 
1.1.2a Photogalvanic cells 
A very accepted approach to solar energy conversion is the design of photogalvanic 
cells. Photogalvanic cells are electrochemically cells in which current or voltage changes as 
a result of a photochemical generated state. They mainly rely on semiconductors that 
produce a useful flow of electrons when irradiated with light. Semiconductors have already 
been employed as light collectors for several years as the energy gap between their valence 
band and conducting band lies in the energy region of visible light. To have a driving force 
for electrolysis, a non-equilibrium distribution of electrons in the valence and conduction 
3 
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band of the semiconductor is essential. This can be reached by doping the semiconductor 
with an electron-rich or -poor substance. n-Type semiconductors have an excess of 
electrons in their valence band and little energy is needed to promote an electron to the 
conduction band. The energy for such a process is approximately 1100 inn and can 
therefore be used from sunlight with energy larger than the band gap. Semiconductors such 
as titanium dioxide Ti0 21  tin dioxide Sn02  and cadmium sulfide CdS appear to be the best 
materials available for this purpose. The light absorption efficiency of the semiconductors, 
however, can be very poor in some cases and solar cells have to consist of multiple layers 
to assure efficient collection of light. This results in a relative substantial thickness of the 
solar cell and higher quantities of semiconductor material, which makes the cells expensive 
and economically unattractive. In order to improve the system, it was found that 
adsorption of a thin layer of a light-absorbing dye, such as a ruthenium bipyridine complex, 
on the electrode increases the efficiency of the solar light converting system. 11 This is due 
to the fact that the dye acts as an electron donor at the anode as shown in Scheme 1.1. Upon 
irradiation an electron of the dye is promoted from its HOMO to the LUMO. This state is 
energetically higher than the conducting band of a semiconductor such as n-Ti0 2 or n-
5n02  and therefore an electron can be transferred to the latter. If the semiconductor is left 
to return to its normal state, the excited electrons simply return to their holes, releasing the 
energy originally absorbed. By adsorption of the semiconductor on an electrode however, 
the electron can be removed and a photo-induced current is generated. To complete the 
circuit, the ruthenium dye is regenerated by electron transfer from a redox species in 







semiconductor excited dye 
An example of a photogalvanic cell is the recently developed so-called Graetzel cell . 1214 
(Scheme 1.2). The device is based on a 10 im thick, optically transparent film of Ti02 
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particles, deposited between two conducting glass sheets, which function as electrodes. The 
Ti02 film was coated with a monolayer of a charge transfer dye to sensitize the film for 
light harvesting. [Ru(bpy) 2(CN)2] 2Ru(bpy(C00) 2) 22 (II) was used as the light sensitising 
complex to be absorbed on the semiconductor. The compound was first reported by 
Scandola in 1990 and was then used by Graetzel et al in a photovoltaic device. Its 
negatively charged carboxyl groups provide the capability for adsorption on the 
semiconductor surface and the ruthenium centres lead to high absorption in nearly the 
whole visible light region. The compound also possesses a long excited state lifetime (190 
ns) and shows strong emission centred at X = 760 run. Upon excitation of the 1 MLCT, 
Ru2 is easily oxidised to Ru 3 and gives the electron to the semiconductor, which passes it 
further on to the oxide electrode. The advantage of these cells compared to conventional 
solar cells without dyes is their higher efficiency, their relatively low cost and the high 
absorbance in the blue which enables their functioning in diffuse light and makes the 
Graetzel Cell even more effective on cloudy days. An outstanding value of 7-10% 
efficiency of conversion of light into electricity has been obtained, but improvements in 
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1.1.2b Photolysis of water 
An alternative approach for the capture and storage of solar energy is through a 
photochemical conversion. Water and CO2  are cheap and abundant raw materials and 
5 
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therefore photolysis of water or photoreduction of CO 2 are challenging reactions to use for 
solar energy converting processes. Photolysis of water leads to production of H 2, which is 
used as an environmental friendly fuel and a good energy source for electricity generating 
cells. Since water does not absorb in the visible region and thus cannot make use of the 
light to gain the required reaction energy, a catalytic process has been employed to sensitise 
the photolysis of water. A system as shown in Scheme 1.3 was designed for these purposes. 
It mainly consists of a light absorber (S), an intermediate acceptor (A), a sacrificial donor 
(D) and a catalyst. Upon irradiation, the excited state of S, S, is produced and 
consequently an electron or energy can be transferred to the acceptor A, depending on the 
nature of A. The latter, in the presence of colloidal platinum (Pt) as catalyst, reduces water 
to H2 and Off and couples the photochemical process to the chemical reaction. Colloidal 
platinum was found 16  to be a trap for electrons from one-electron reduced species. The 




A DEC H20 
The [Ru(bpy)3]27[Ru(bpy)313tcouple  as S/St  and methylviologen (MV 2t) as the 
electron acceptor A is one of the most attractive systems for light to energy conversion. 17 
Upon irradiation, [Ru(bpy) 3] 34 reduces methylviologen JxcV2 to MVt. [Ru(bpy)3 3tis then 
reduced by another electron donor, such as triethanol amine according to the following 
equations 
[Ru(bpy) 3] 2t + 	MV2t + hv -* [Ru(bpy) 3 3t+ MVt 
[Ru(bpy) 3] 3t + N(CH2CH2OH ) -* [Ru(bpy) 31 2t + tN(CH2CH201­1)3 
In the presence of Pt as a catalyst, MV 4 can reduce water 
2tv[V4 + 2H20 -* 2MV24 + 20ff + ft 
The yields of hydrogen gas are pH dependent with a maximum yield for pH 4-5. 
1.2 Energy and electron transfer in a unimolecular system 
In solar energy conversion systems it is not only important to absorb and store energy 
but also to transfer it from the energy or electron donor to the acceptor. By working with a 
6 
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system involving multiple compounds, control of the spatial organisation of the donor and 
acceptor units and the distance in between them is not possible. In the design of 
unimolecular systems these problems can be overcome. A spacer between the donor and 
acceptor can be induced to fix their relative position to each other, give an idea about their 
distance and the nature of the bridge can be controlled. 
The design of molecular systems in the form of 'electronic wires', where 
energy/electron transfer takes place in a controlled directional fashion from the donor to 
the acceptor has attracted a lot of interest 18,19  The employment of photoactive compounds 
also brings the advantage that electron or energy transfer can be 'switched' on or off with 
light which gives a possible application for the development of molecular devices. 
A schematic outline of such a system is given in Scheme 1.4. A donor unit is irradiated 
and absorbs the light, forming an excited state, which can transfer energy or an electron to 
the energy/electron acceptor. The energy or electron can be transferred through bonds or, 
if donor and acceptor are in close proximity, through space. 
Scheme 1.4 
by 
Electron or energy transport 
The donor units are required to have high molecular absorption coefficients in the 
visible region, be stable upon irradiation and form reasonable long lived excited states to be 
able to transfer an electron or part of their energy. Electron or energy acceptor units have 
to be matched to the donor. Their redox potentials or excited state energies have to be 
suitable to accept the electron or energy from the donor. Room temperature luminescence 
is an advantage. Organic- (e.g. methyl viologen, quinones,...) and metallo-(osmium, 
rhenium and iridium polypyridine complexes) acceptor units have been employed and 
extensively studied. 
It was also found, that the nature of the bridge is a key step in the efficiency of the 
energy conversion. There are numerous systems reported in which the light absorbing 
centre and the acceptor unit are linked by a covalent bridge. 20  The distance between donor 
7 
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and acceptor unit is fixed and the structure and nature of the bridge can be modified in 
order to study their influences on the transfer process. Nature however, relics on the 
supramolecular assembly of donor and acceptor units. The components are held together 
by a collection of relatively weak non covalent bonds to obtain a spatially well-defined 
arrangement in which electron and energy transfer processes are mediated in a very 
efficient way. Recently, systems have been developed to study electron transfer over 
hydrogen bonds, aromatic it-stacking and hydrophobic interactions. 2122 
1.3 Photoactive metal centres as donor/acceptor units 
In order to design photoactive systems at a molecular basis, several organic and 
inorganic substances have been investigated. Due to their redox properties and 
photoactivity, metal complexes are preferable to purely organic substances. They usually 
show intense absorptions in the visible light region and long excited state lifetimes to 
permit electron or energy transfer processes. A considerable Stokes shift between 
absorption and emission band avoids the re- absorption of luminescence. 
Polypyridine ligand complexes of Group 8 transition metals have been studied 
extensively as photoactive units. 23 '24 Ruthenium and osmium terpyridine and bipyridine 
complexes received much attention as their structure and energy potentials are well adapted 
for constructing electron or energy transfer devices. They show intense absorption in the 
red, have excited state lifetimes in the range of nanoseconds, are luminescent at room 
temperature and the ability to undergo photo-induced electron and energy transfer 
processes. Scheme 1.5 shows a representative energy levels diagram for a light absorbing and 
emitting processes in ruthenium and osmium polypyridine complexes. Upon irradiation of 
the 'MLCT energy state, fast intersystem crossing leads to the population of the lower lying 
3MLCT level, which can either return to the ground state by emission of light or, if a 








Complexes of the majority of the metals in the periodic table with polypyridine ligands are 
known due to the good complexing ability of the chelating unit. As a result of the 
interesting photophysical properties of these complexes, they have been extensively applied 
in solar energy conversion, photosynthesis and photodynamic processes. Their complex 
formation has been well-established" and several substituted polypyridine derivatives are 
known. In particular Group 8 metal complexes are all octahedral, and low spin complexes 
at room temperature. The use of terdentate ligands, such as terpyridines, eliminates 
complications associated with the formation of stereoisoniers known for bipyridine ligand 
metal complexes. The broad knowledge about the photophysical and photochemical 
properties of ruthenium and osmium polypyridine complexes introduces them as good 
candidates for electron and energy transfer studies. 
1.3.1 Photophysical properties of Group 8 polypyridyl complexes 
Bipyridine and terpyridine based complexes of ruthenium (II) 27,25,28,  osmium (H) 29,30, 31 
and iron (II) 32,33  have been synthesised and investigated by spectroscopic and 
electrochemical techniques. 
[Rupy) 3] 2 (H), is probably the most famous example for ruthenium polypyridine 
complexes. 34, 35, 36, 37, 38 Its absorption in the long wavelength region at about 450 tim is 
very strong (log c= 4.16) and is assigned to the lowest 1 MLCT. Excitation to the MLCT of 
[Ru(bpy)31 24 leads to an emission at about 600 tim with a quantum yield of 0.4 and a 
lifetime of 5 .tsec in alcoholic glass at 77 K. 23 The problem of localisation or delocalisation 
of the excited state has provoked intensive experimental and theoretical calculation studies. 
39, 40 This claimed that in the localised case, the promoted electron resides on one single 
ligand for a certain time, in the delocalised case the electron is shared by the three ligands 
or hops in between them with a rate faster than the resolution of the monitoring technique. 
The localisation of the charge on one ligand is now widely accepted according to the 
observation of the presence of the reduced ligand anion radical bpy' following excitation in 
transient absorption experiments and time resolved resonance Raman spectroscopy. 
Furthermore, the 3MLCT emission does show a solvent dependence, which is another 
indication for the localisation of an electron on one ligand. In the delocalised species, the 
geometry of the compound would stay unchanged upon excitation, whereas if the electron 
is localised in a single ligand, a dipole moment is induced in the molecule in the excited 
state and solvatochromic shifts are expected. 
1. INTRODUCTION 
Unlike [Ru(bpy) 3] 2 (III), [Ru(tpy) 2] 2 IV) does not show luminescence at room 
temperature. This is surprising, since the absorption coefficient of the 1 MLCT band of 
[Ru(tpy)j 21  is considerable higher than for [Ru(bpy) 3 2 based systems. A crystal structure 
of [Ru(tpy) 2] 2 shows, that the biting angle N-Ru-N is just about 1600  which leads to severe 
steric restrictions (Scheme 1.6). It is a well-known deactivation effect in organic systems that 
due to an decrease in structural freedom, more energy from the excited state is given to 
vibrational and rotational energy and therefore non-radiative deactivation processes are 
increased. To certify this criterium, lowering the temperature should enhance luminescence. 
[Ru(tpy) 21 24 was shown" to emit at 77 K in a frozen MeOH/EtOH glass at 598 nm (T= 10 
Msec). Further more, this steric restriction leads to the formation of a lower lying metal to 
ligand charge transfer band of [Ru(tpy) 2] 2t , to which luminescence is attributed, and which 
is energetically very close to metal centred d-states. A mixing of the states can occur, 
resulting in non-radiative deactivation. By introducing electron-withdrawing substituents at 
the 4' position of terpyricline, the energy level of the 3MLCT can be altered from the metal 
centred states, stabilised and room temperature emission can be observed. Several 
derivatives of ruthenium terpyridine were found to be luminescent at room temperature, 




- Ru a ,P Ru 
[Ru (bpy), ] 2+  (Ill) 	 [Ru (tpy) 21 2 (IV) 
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An obvious expansion of Ru(H-po1ypyridine complex photochemistry are the 
analogue Os(Jl) complexes. Metal to ligand bonds in the analogue complexes are very 
similar due to the lanthanide contraction. [Os(ttp) 21 2 shows strong absorptions in the 
visible and a deep red emission. The bigger crystal field splitting of osmium (H) compared 
to ruthenium(fl), leads to higher energy d-d transitions and is thus well separated from the 
emitting 3MLCT state. Non-radiative deactivation processes are therefore diminished and 
the compounds are found to be strongly luminescent at room temperature. For osmium, 
spin orbit coupling has to be considered and a mixing of excited states of different spin 
multiplicity occurs. Spin forbidden transitions become more allowed and 3MLCT 
absorption peaks around 650 nm in the spectrum of [OS(ttp)j2l  can be observed. The red 
shift of the 3MLCT (-720 nm) compared to ruthenium makes osmium (H) complexes 
attractive candidates as an energy acceptor from ruthenium (11). Osmium also possesses a 
low third ionisation potential and [OS(ttp)j2l  can be easily oxidised to [Os(ttp) 2] 3 which 
can be employed as an electron acceptor from excited ruthenium(H) polypyridine 
complexes. 
The absorption spectra of [Fe(ttp)J 2 and [Fe(bpy) 31 24 show a similar profile to those of 
[Ru(ttp) 2I 2 and [Ru(bpy) 3] 24 respectively. The ligand-based peaks are nearly identical and the 
1 MLCT bands are shifted about 100 nm to the red. Iron polypyridihe complexes are known 
to be non luminescent. Fink and Ohnesorge 42 have found that the lowest excited state of 
[Fe(bpy)3] 2 complexes has more ligand field character than an MLCT transition. The 
insensitivity of the lifetime upon change of the coordinating ligands shows that the 
radliationless decay of the excited state differs from the ruthenium and osmium analogue 
complexes. It has been suggested, that geometric distortions of the excited states are 
responsible for this. Also, the absence of transient absorption maxima corresponding to 
bpy upon excitation of the 1 MLCT state is consistent with the assignment made that the 
excited state of [Fe(bpy) 3] 2 is a ligand field state. 43 
1.3.2 Energy transfer in ruthenium (II) - osmium (II) metal systems 
The well known energy difference between the lowest excited state of Ru(II) and 
Os(II) complexes allows to study energy transfer between these two 3MLCT states. In a 
covalently linked system, the two metal centres are coordinated by two chelating units (e.g. 








can consist of one ore more saturated or unsaturated molecules and provides the pathway 
for energy or electron transfer between the two metal centres. In order to obtain 
good communication between the covalently linked donor and acceptor unit and fix the 
distance between them, rigid and electron rich linkers are preferable. Extended conjugated 
n-systems have been employed to facilitate the conducting of the charge through bonds. 
Upon irradiation of the ruthenium unit, electrons are delocalised over the large conjugated 
system and lead to the transfer of electrons or energy between the two metal centres. 
Among others, alkynes and polyphenyls were found to be good candidates for bridging 
units and are given as representative examples here. 
Barigelletti, Sauvage and Constable" have investigated dinuclear ruthenium - osmium 
terpyridine compounds separated by zero to two phenyl spacer units. (Scheme 1.7) 
Electronic interactions between the two components are substantially reduced upon 
interposition of one phenyl spacer and nearly negligible upon insertion of a second. 
Energy transfer however was 100 % efficient, which is remarkable, considering the metal-
metal distance of 21 A for the two phenyl spacer unit. In the analogue bipyridine based 
systems bridging units containing up to 7 phenyl units were employedand the rate constant 
of energy transfer was found to decrease exponentially, with 1.5 per interposed phenylene 
unit or 0.32 per A. 48 
Scheme 1.7 
Polyalkynylene bridged metal polypyridines have been studied by Harriman and 
Ziessesl. (Scheme 1.8). The rigid linear structure is ideal for rapid energy transfer and 
polyalkynylens as linkers have the advantage to enhance luminescence and increase the 
triplet state lifetime of the 3MLCT of ruthenium terpyridine complexes. Energy transfer 
was found to be very efficient and almost insensitive to the length of the connector. 
Incorporation of an aromatic unit such as phenylene or naphtylene, leads to interruption of 
the electron flow and energy transfer rates are decreased drastically. 49 The efficiency of the 
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process, though, is not influenced giving the phenylene or naphtylene unit the role as an 
intramolecular relay. This is an important step in the development of molecular devices, as 








All above discussed examples were designed to transfer energy through bonds (Dexter 
mechanisms) and back electron transfer is a limiting factor in these systems. Another 
possibility to transfer electrons or energy is to employ a saturated bridge, which does not 
conduct energy, but provokes transfer processes to take place over space (Foerster 
mechanism). Bicyclo aliphatic or adamantyl based spacers are an example therefore. Their 
rigidity was used to minimise rotational freedom and fix the two metal centres in a defined 
distance. 
The ruthenium-osmium complex with a rigid bridge (17) was designed by Keene et al 5° 
The metal-metal distance is 24 A and the calculated efficiency of energy transfer >95%. 
The rates are, however, significantly reduced compared to a complex with similar metal-
metal distance and a conducting bridge (2.85*106 S 1 in the reported example, 5*1010  for a 
comparable conjugated system). Energy transfer from the ruthenium(I) to the osmium(I) 
was found to be mediated via dipole-dipole interactions and through-space mechanisms 





1.3.3 Metal complexes linked via non-covalent bonds 
Another way to link donor and acceptor units is to use non covalent bonds such as 
hydrogen bonds, hydrophobic interactions and van der Waals forces. This approach 
follows nature's procedure for electron and energy transfer and also avoids complicated 
synthetic preparation of the covalently linked moieties. Simple addition of both 
components leads to their self assembly and electron or energy transfer processes can be 
studied. Further more, the association is reversible; the assembly can be dissociated by 
using an appropriate solvent and either of the moieties can be easily replaced without the 
need of synthetic procedures. 
When two components are associated via hydrogen bonds, distance and sometimes 
also orientation are fixed so that the bond, even though it is very weak (about 10 kJ mol 1 ) 
can act as an effective conduit. Multiple hydrogen bonds increase the strength of the 
binding between donor and acceptor unit and electron transfer becomes more efficient. 
Many organic hydrogen bond connected donor -acceptor systems have been studied and 
there are also a few reports of metal-metal communication via such a non-covalent linkage. 
To give an example, Ward et a15 ' have found evidence that upon exciting into the 
ruthenium based MLCT of a hydrogen bond linked ruthenium/osmium complex (VI) 










1.3.4 Our approach: Assembly of photoactive units using a metallo cyclodextrins 
receptor molecule for electron and energy transfer studies via non covalent bonds 
In our approach, we wish to follow nature's assembly construction to bring donor and 
acceptor units together via non-covalent bonds, employing a cyclodextrin receptor 
molecule to bring them in close proximity (Scheme 1.9). 
Receptor molecules provide a binding pocket, which allows to selectively bind a guest 
molecule via mainly van der Waals forces and hydrophobic interactions The receptor 
molecule will also allow us to avoid complicated synthetic linkage via covalent bonds and 
complicated building up of hydrogen bonding systems. Cyclodextrins provide the 
possibility to bind photochemical or redox active guests via non covalent bonds. 
Appending a redox active or energy donating or accepting metal centre to the cyclodextrin, 
makes the compounds ideal candidates to study electron or energy transfer via non 
covalent bonds. We want to employ cyclodextrins as receptor molecules and append them 
with a ruthenium polypyridine unit, which acts as light harvester and electron or energy 
donor. Employing cyclodextrin provides the advantages of: a more rigid binding unit 
compared to calixarenes, commercial availability and well documented modification 
methods. In aqueous solutions, cyclodextrin are known to form very stable inclusion 






Using supramolecular principles, the electron or energy acceptor unit is assembled in 
the hydrophobic binding cavity of the metal appended cyclodextrin. Ruthenium 
polypyridine complexes have been chosen as light harvester due to their excellent 
spectroscopic properties in the UV/Vis region, their emission in the red and the reasonably 
long lived excited state. The electron or energy acceptor will be a quinone guest or metallo 
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compound with a hydrophobic binding unit and matching redox potentials or energy 
levels. 
Simple addition of both components in aqueous solutions brings the donor and 
acceptor units in close proximity in one supramolecular organized structure. Energy or 
electron transfer is expected to occur via non-covalent bonds in a supramolecular structure. 
By avoiding direct linkage via covalent bonds back electron transfer is also aimed to be 
decreased. Further more, the guest molecules can be easily exchanged gaining a high 
flexibility in the choice of electron or energy acceptor units. 
Apart from cyclodextrins, calixarenes 52-56  have been widely examined for electron and 
energy transfer via non covalent bonds. They are easy to access via the base catalysed 
condensation ofp-tert-butylphenol and formaldehyde and have been appended with photo-
or redox active centres to obtain appealing receptors for the supramolecular assembly of 
electron or energy transferring systems (Vu) 52. A non-covalent bound electron donor and 
acceptor system based on a ruthenium bipyridine appended calixarene as receptor molecule 
is shown in Scheme 1.10. Binding of guest molecules in the cavity, however, is not very 
strong due to the flexible structure of the unit. Our approach of employing cyclodextrin 
provides the advantage of a more rigid binding unit compared to calixarenes, and inclusion 




Cyclodextrins 57 are cyclic oligosaccharides which consist of six, seven or eight a-1,4 
linked glucose units, a-, 3-, y- cyclodextrin respectively and they are natural products from 
degradation of starch. The glucose arrangement leads to a beaker shaped molecule with the 
secondary alcohols on the top and the primary at the bottom (Scheme 1. 11). Therefore, 
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cyclodextrins are receptor molecules with a hydrophilic outside and a hydrophobic cavity. 
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1.4.1 Cyclodextrin inclusion complexes 
Upon addition of an apolar substance to an aqueous solution of a cyclodextrin, an 
inclusion complex of the apolar guest in the hydrophobic cavity of the cyclodextrin is 
formed. This inclusion is mainly driven by van der Waals forces, ring strain release on 
complexation, hydrophobic interactions and discarding of high-energy water trapped in the 
cavity (Scheme 1.12). The water molecules fill the cyclodextrin cavity by hydrogen bonding, 
having high enthalpy, and thus are energetically unfavourable. A small quantity of a relative 
apolar solvent or the inclusion of a less polar guest molecule can displace the included 















The number of reported inclusion complexes with cyclodextrins in the literature has 
been increasing dramatically over recent years. Their association properties have been 
studied extensively and examined for a huge variety of applications. A few important 
examples of applications of cyclodextrins are their use as stabiliser to protect vitamins 
and sensitive aromatic compounds from oxidation, hydrolysis and photolysis. In drug 
technology cyclodextrins are incorporated to increase Of solubility of the drug 59  and its 
absorption in the body by its inclusion in cyclodextrins. Due to their special 
hydrophilic/hydrophobic character cyclodextrins are also studied for various transfer 
processes through cell membranes and they are good receptors models for enzyme 
catalyses reactions. 
The majority of the guest compounds included in the cyclodextrin cavity are organic 
compounds due to their hydrophobicity. There is a small number of reports of complexes 
with metallo organic guests, such as a cis-platinum inclusion complex with cyclodextrin for 
the development of chemotherapeutic drugs. 61  Rotaxanes can be formed based on one or 
more cyclodextrins. 
Not just from the practical but also from a fundamental point of view, cyclodextrin 
inclusion complexes are very interesting compounds Due. to the change of polarity inside 
and outside the cavity and the restricted environment upon inclusion, 
structure and conformation of the guest and the cyclodextrin differ. Crystal 
structures for inclusion complexes can be obtained to confirm these 
observations. Further more, guest molecules can be proved to enter the 
cyclodextrin host changing their electrochemical, calorimetric and 
spectroscopic properties. For example, the emission of 1,8-ANS (VIII) 
whose aniline moiety gets included in the cavity, is increased up to fivefold 
upon addition of a 10 times excess of a -cyclodextrin solution. 62 
I ,8-ANS 
(VIII) 
Spectroscopic data can be used to get information about the formation constant of the 
inclusion complex and other thermodynamic parameters. The formation constant gives 




Cyclodextrins are modified for several different reasons, as for instance to increase 
solubility" or for models in the investigation of enzyme catalytic mechanisms. 64,65 
Furthermore, cyclodextrins are spectroscopically transparent in the TJV/Vis region and 
therefore photoactive units can be appended. Cyclodextrins have been modified in several 
ways and appended with various functional units. 66 Methods for specific mono- or poly-
substitution of the alcohol moieties in one ore more sugar rings of the molecule are a 
continuous challenge for organic synthetic chemists. It usually involves the requirements of 
a large variety of protecting groups, which can be introduced and removed easily. In a few 
cases the chemistry of the cyclodextrin can be used to get specific substitution, using for 




1.5 Metallo-cyclodextrins: Metal functionalised cyclodextrins - 
cyclodextrins for a purpose 
Metallo-cyclodextrins are molecules with versatile properties. The cyclodextrin unit 
designates them as attractive receptor molecules, enabling the sensing and inclusion of 
hydrophobic guests. The metallo-unit adds interesting redox and luminescence properties 
to the receptor molecule. The combination of both features in one molecule makes 
metallo-cyclodextrins unique building blocks for the development of sophisticated 
supramolecular systems and designates them as attractive candidates for possible 
applications in nanotechnology. 
Metallo-cyclodextrins have been designed and synthesized for a wealth of reasons. 
There are, however, two main approaches for the construction of these compounds: 
appending a metal centre onto a cyclodextrin to gain their combined properties and the 
employment of a metal to assemble receptor units in a spatially controlled manner. A brief 
review over some the work that has been done so far in these areas is given in this chapter 
to stress the increasing importance of metallo-cyclodextrins in supramolecular chemistry. 
1.5.1 Metallo -cyclodextrins as sensors 
Host-guest complexation is an important principle in the development of sensor devices 
for the detection of metal ions and neutral species. Recognition of organic molecules is 
particularly difficult and relies usually on spectroscopic techniques. Cyclodextrins are 
known to recognise hydrophobic species and encapsulate them in their binding cavity. Due 
to their sugar nature, they are water soluble, non-toxic and "environmentally friendly" and 
can be used to sense organic molecules in waste water treatment. Further more, they are 
chiral species, favour the binding of one stereoisomer of a guest molecule over another and 
can therefore be employed as enantioslective sensor. Cyclodextrins themselves though are 
spectroscopically transparent and have been appended with one or more organic - or 
metallo-photoactive centres. The difference of the spectroscopic signal in the absence and 
presence of a potential guest compound can be used as an on-off switch to detect the 
species. Lanthanide, copper and nickel metallo-cyclodextrins- have been employed as 
sensors in this context. 
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1.5.1.a Lanthanide cyclodextrins 
Nocera et al 67-74  have developed systems that incorporate a cyclodextrin receptor 
functionalised with a neutral or tribasic binding unit to complex lanthanide (Ill) ions. Upon 
irradiation with light, the lanthanide cyclodextrin shows minor or no luminescence due to 
the small absorbance of the compound. The cyclodextrin cavity, however, can bind an 
aromatic compound, which acts as a light-harvesting unit and upon irradiation, transfers 
part of the energy via non-covalent bonds to lower energy, light-emitting lanthanide states. 
Characteristié sharp lanthanide luminescence is observed upon inclusion of guests such as a 
benzene or biphenyl, which is attributed to an intramolecular energy transfer via non-
covalently bonds in a suprainolecular structure. The ability of emitting visible light upon 
recognition of an aromatic hydrocarbon makes them ideal sensors for analytical 
applications. It should also be noted, that this concept has the advantage of a signal that is 
produced against black background or "switched on", whereas in most other approaches 
luminescence is quenched. 
An interesting aspect of this work is the influence of the charge on the bottom rim of 
the cyclodextrin on the binding activity of guest compounds. The bicapped cyclodextrin 
cradle equivalent (X) of the swing isomer (IX) was prepared. The additional connection of 
the metal binding unit to the bottom rim of the cyclodextrin prohibits rotational freedom 
of the photoactive centre and fixes the distance between the metal centre and the included 
guest. This is important to gain control over the distance dependence of electron or energy 
transfer processes. Further more, in the cradle approach a possible connecting organic 
framework can be inhibited. Addition of light harvesting guest compounds was studied, 
however, luminescence could not be "switched on" by a neutral guest. It was found, that 
the nearby 3-I- charge of the lanthanide prohibits binding of aromatics in the cavity and 
inclusion complex formation constants are drastically decreased. The problem was 
overcome by introducing a negatively charged binding unit to compensate the 3-I- charge of 
the lanthanide, resulting in a neutral metallo-cyclodextrin species. Avoiding the charge close 
to the bottom rim of the cyclodextrin reinforced the binding abilities of the cyclodextrin 






In a similar effort to design lanthanide cyclodextrins, Marsura et al appended a 
cycloclextrin with a lanthanide metal centre by covalently binding seven bipyridine unit via 
an urea moiety linkage to the glucose units (XI). Europium and terbium (111) complexes 
were isolated and their formation monitored by luminescence spectroscopy; however, no 
inclusion complex formation with guests was investigated. 
Parker et al 76  used a 1,4,7,10-tetraazacyclododecane as lanthanide complexation unit and 
attached one or four cyclodextrin receptors to it (XII). Naphthalene based organic guest 
molecules were found to drastically increase the lanthanide emission intensities. Similar 
photophysical experiments as performed by Nocera et a! were carried out; energy transfer 
processes, however, turned out to be relatively slow and awl  triplet energy quenching by 






1.5.1.b Copper cyclodextrins 
Copper (Ii) ions are known to quench the fluorescence of dansyl-subsituted amino 
acids due to complex formation and abstraction of a sulfonamide hydrogen. The effect 
however, is not very drastic and should be increased to facilitate its observation and to 
enhance sensitivity of the method. In the dansyl modified cyclodextrin (XIII) the 
fluorescent moiety is linked via an ethylene diamine based bridge, which provides a 
stronger coordination site for the copper (II) ions. The copper sensing ability of these 
compounds relies on the initial self-inclusion of the dansyl moiety in the cavity of the 
cyclodextrin. Addition of metal ions causes the dansyl to exit the cavity to form the 
metallo-cyclodextrin with a charged complex on its bottom rim, which will not bind in the 
cavity. The fluorescence response of the guest changes completely due to the different 
surrounding environment, the increased rotational freedom and the electronic change due 






(XIII) 	 (XIV) 	 (XV) 
The quenched copper complex then further interacts with bifunctional organic 
molecules, such as amino acids and exchanges its ligand to this stronger binding unit and 
thus inducing changes of the luminescent behavior. In this way, the metallo-cyclodextrin is 
used in a kind of back titration to sense strong coordinating amino acids, such as alanine, 
tryptophan or especially thyroxine. In their presence, the dansyl moiety can re-enter the 
cyclodextrin cavity, the fluorescence increases sharply and the sensor is "switched on". 
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A similar copper cyclodextrin was synthesized for enatioselective sensing of amino 
acids (XIV). K- or S-phenylalanine amide linkage, inducing an additional chiral centre 
to the compound, replaced the ethylene diamine bridge in Corradini's design from the 
cyclodextrin to the dansyl. The R-isomer is reported to from a weaker complex with 
copper and shows less quenching of the initial uncomplexed dansyl fluorescence. Addition 
of D-or Lramino acids to the metallo cyclodextrin induced a "switch on" of the 
fluorescence which was enantioselective for proline, phenylalanine and tryptophan. 
The dimeric copper cyclodextrin (XV) was mainly designed to improve the sensing 
ability by connecting a second cyclodextrin receptor unit to the copper metal centre. 79, 80 
"An additional cavity provides a binding pocket for a second guest molecule and the metal 
complex fixes the spatial arrangement of both inclusion complexes. Binding constants of 
ANS and TNS in both cavities are 4-10 times higher than in a corresponding monomer 
receptor. The coordination of the ligand to the copper (II) centre further enhances the 
binding due to the conformational fixation. 
1.5.1.c Alkali metal ion sensors 
Following the concept of a fluorescent cyclodextrin sensor based on the self-inclusion 
and competitive binding principle, a dansyl-lysine-3-cyc1odextrin has been further 
functionalised with a monesin unit (XVI). 82 Monesin is known to be an antibacterial 
compound used in environmental sensing and takes up a ring like configuration around a 
sodium centre in the middle. In the absence of lipophilic compounds, the dansyl group of 
the fi.inctionalised cyclodextrin is included in the cavity and the monesin takes a flexible 
conformation. An organic guest molecule with a stronger binding constant with 
cyclodextrin than the dansyl can replace the fluorescent label in the cavity and quench 
luminescence. The fluorescence of the complexed cyclodextrin increases in the presence of 
a lithium, potassium, caesium and mostly for sodium ions. It was also suggested, that the 
ring conformation of the monosin with the sodium centre acts as a hydrophobic cap and 
increases binding properties of the system. 
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1.5.2 Ruthenium and rhenium cyclodextrins for photo-induced processes 
Ruthenium centres were first attached to cyclodextrins by the group of Deschenaux et 
al. 83  6-monohydroxy permethylated (3-cyclodextrin was reacted with succinic anhydride, 
followed by an ester bond linkage to 6-cbromornethy-2,2'bipyridine as shown in Scheme 
1.13 The ruthenium complex was then obtained by reacting the ligand with [Ru(bpy) 2Cl2] 
and was fully characterised." Its absorption and emission spectroscopic properties as well 
as electrochemical behavior were investigated. Emission quantum yields and lifetimes 
values were significantly lower than for the parent [Ru(bpy) 3] 2 which was attributed to the 
sterical restriction around the ruthenium centres. Substitution, on the 6-position of the 
bipyridine is sterically demanding for the formation of an octahedral complex, resulting in a 
weaker crystal field splitting of the d,orbitals on the metal and facilitation of non-radiative 
deactivation of the excited state energy. 
Scheme 1.13 
(OCH3 ) 14 
(OCH3)14 
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The same bipyridine cyclodextrin ligand (XVII) was used to synthesise the analogue 
rhenium complex, 84 which also showed room temperature luminescence. A detailed NMR 
study of the compound has been carried out, 84 which gives information about the 
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conformation of the rhenium complex in solution and suggests that the metal centre is 
located directly under the cavity. The concept of the design of the rhenium compound has 
also been extended to a dimeric compound (XVIII). and it was reported to be the first 
redox- and photo-active cyclodextrin dimer. 
(XVIII) 
Despite their favorable luminescent and electrochemical properties, none of these 
ruthenium or rhenium functionalised cyclodextrins were utilized for electron or energy 
transfer studies via non covalent bonds. The first detection of such possible processes from 
preliminary results was published by our group and was followed by reports by Nolte and 
Harriman. 
Nolte et a185 reported a homoleptic tris(bis-cyclodextrin-bipyrithne) ruthenium 
complex, incorporating six cyclodextrin receptor moieties. The initially designed complex 
was found to be unsuitable for electron or energy transfer studies as the compound 
exhibits only weak luminescence at room temperature. This is due to the sterical hindrance 
caused by cyclodextrin substitution in which the bulkiness of the sugar rings leads to a 
distorted octahedral symmetry of the complex and therefore quenching of the 
luminescence. This problem was overcome by lengthening the "arms" of the cyclodextrin 
to increase the distance between the metal centre and the binding cavities. Compound 
showed the expected luminescence behavior, with a reported quantum yield of 
double the value of the [Ru(bpy) 3] 2 standard. N,N'-dinonyl-4,4'bipyridinium bromide was 
chosen as a suitable guest compound for the cavity and a potential electron acceptor. 
Luminescence titration experiments revealed a quenching of the ruthenium 3MLCT 
emission upon irradiation caused by electron transfer from the ruthenium excited state to 
the acceptor guest via non-covalent bonds. Luminescence could be completely restored by 
the addition of a stronger binding, electrochemical inert guest such as a steroid. 




((LX) 	 (XX) 	 (XXI) 
Matt et a186 followed Nocera's design of the bicapped cyclodextrin approach to attach a 
metal centre on the bottom rim of a cyclodextrin. A 2,2'-bipyridine was covalently bond at 
their 4,4'-positions to the AID glucose units of an 6A,6D-diamino-6A,6D-didesoxy - 
permethylated -a- cyclodextrin. Complexation to the heteroleptic compound (XXI) was 
achieved by reaction with [Ru(bpy) 2(Me2CO)J [BF4]2.  Upon addition of a benzoquinone 
electron acceptor guest, strong quenching of the ruthenium based emission intensity was 
observed. The data deviated distinctively a linear 1:1 complex formation, which indicates 
the presence of an additional bimolecular, diffusion controlled process dominating at high 
quencher concentration. An edge-to-edge separation distance between the benzoquinone 
and the ruthenium metal centre of 7A was determined by NMR studies. 
In a similar fashion, Hamachi et a1 87 have extended the simple donor - acceptor system 
assembled via a cyclodextrin receptor to a more sophisticated donor-sensitizer-acceptor 
triade attached to a protein matrix. The incorporation of a synthetic dye into a protein 
matrix in a semi-synthetic approach has proven to be a good model for nature mimicking 
processes. 88 A cyclodextrin appended Zn-myoglobine was used as electron donor source 
and as a receptor molecule to provide the non-covalent linkage. The photo sensitizer was a 
tris-heterolept-ic ruthenium bipyridine complex. One of its bipyridine units was appended 
with an adamantyl unit to ensure binding in the cyclodexti.in cavity and the other bipyridine 
unit was functionalised with a bis-viologen cyclophane acting as an electron acceptor. 
Upon irradiation of the ruthenium chromophore, an electron is promoted from the 
ruthenium bipyridine excited state to the viologen unit, leaving a Zn-Ru 3 -MV species. 
This electron transfer provokes an immediate re-reduction of the ruthenium bipyridine by 
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oxidation of the Zn—myoglobin to yield a charge separated state Zn 4 Ru2tMV, which 






A cyclodextrin molecule bearing a rhenium tricarbonyl complex (XXII) on its rim that 
can be photochemically reduced by electron transfer from an electron donor, non 
covalenfly bound in the cyclodextrin cavity, has been synthesised. 89 NN-diethylaniline, 
diphenylamine-4-sulfonic acid and N,N-bis(2-hydroxypropyl)aniline were employed as 
electron donors. 1-adamantol was used as competitive binding guest to estimate the 
efficiency of the luminescence quenching of rhenium cyclodextrins by aromatic amines via 
non covalent bonds. Due to the long lived excited state of the species, bimolecular 
quenching processes are inevitable and addition of a non absorbing, electrochemical more 
inert guest gives a good estimation of the quenching effect that can be directly attributed to 
processes occurring via non covalent bonds. Transient absorption spectra were recorded to 
prove the presence of the charge- separated state and superior quenching efficiency of 
N,N-diethylaniline compared to its modified analogues has been observed. 
1. INTRODUCTION 
(XXII) 
1.5.3 Metallo cyclodextrins as enzyme mimics 
Substrates interact via non-covalent bonds with the active site of the enzyme. The 
structure of the enzyme-substrate complex is usually very rigid and the substrate is fixed via 
multiple binding interactions in a pre-organized binding pocket. To mimic such systems is 
a challenge and the development of "artificial enzymes" attracts a lot of interest. Metallo-
cyclodextrins are very good candidates, considering their hydrophobic binding pocket with 
the rigid hydrogen-bond supported structure and the appended metal centre for catalytic 
activities. Breslow and Overman" first recognized their potential as an enzyme mimic and 
research in this area has widely expanded. A recent review by Rizarelli and Vecchio" 
provides a well-documented summary and thus will not be further discussed inhere. 
1.5.4 Metallo-cyclodextrins as solubility and permeability enhancers 
One of the aims in drug delivery is to selectively accumulate pharmacologically active 
compounds in the tissue to reduce toxicity whilst maintaining the therapeutic efficiency. 
Solubility of the drug and membrane permeability are key issues in this field. Metallo drugs, 
such as platinum based anti-tumor compounds appended cyclodextrins 91 to take advantage 
of the water solubility and permeability properties of the sugar cavity. 
The platinum complex of an ethylenediamine 92 functionalised 
cyclodextrin has shown low anti-tumour activity and was further 17 improved by the 6A,6B-diamino-6A,6B-dideoxycyclodextrin (XXIII). In 
the latter, the cis arrangement of the two platinum coinplexing nitrogens, 
HN\ 	 NH 
which are essential for the anticancer activity of the compound, is already 	/R \ 
CI 	CI 
pre-organized and facilitates complex formation. Solubility and drug 
activity results of this compound have not been reported yet. 	 (XXIII) 
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In order to detect alterations in the intestinal permeability of patients with colonic 
disease, EDTA and DADS functionalised cyclodextrins and their chromium-51 (XXIV) 
and technetium 99m (XXV) complexes respectively have been prepared. 93 Again, in the 
design of the system, the permeability of the glucose ring, the enhanced solubility and the 
non-toxicity of the cyclodextrin have been taken advantage of Technetium-99m is 
radioactive, widely used for diagnostic imaging and forms highly stable complexes with the 
diamide-disulfur functionalised cyclodextrin. The compound is a very attractive candidate 
for the further development of radio-pharmaceuticals. 





Tamagaki et a194 have used cyclodextrins as solubilising and transporting substituents 
on siderophores. Siderophores are iron(III) chelating species and are used for therapeutic 
treatment of an iron overload disease. a-cyclodextrin was 
appended with three 1-hydroxypyrimidone terminals (XXVI) to 
provide a good iron binding unit and a 1:1 complex formation 
with the metal was confirmed by UV/Vis spectroscopy. The 
chiral cyclodextrin scaffolding is also an origin of induced 
churality around the iron(III) centre in an octahedral cavity which 
turned out to be important for the complex formation. Biological 




1.5.6 Metallo-cyclodextrins as NMR. shift reagents 
By increasing the molecular size of a compound, the tumbling rate of the molecule 
slows down and the relaxation time becomes longer. Cyclodextrin is added to a solution to 
form a complex with the substrate of interest, but the shifts provoked by complex 
formation are not very large and sometimes difficult to observe. A lanthanide complex, 
covalent linked to the oligosaccharide however induces more substantial effects on the 
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included guest. Furthermore, cyclodextrins are chiral species and the preferred binding of 
one enantiomer to the other can provide further information about the species 
Wenzel et al 95 96 reported that dysprosium-cyclodextrin -induced shifts enhanced the 
resolution in the NMR spectra of several bound guest substrates. Adding Dy(IIl) to a 
diethylenetraminepentaacetamide substituted cyclodextrin derivatives results in shifts in the 
1 H NMR spectra of substrates such as 1-anilino-8-naphthalenesulfonate (Vu!) and 
carboxinoamine maleate. 
In Parker's report 76 of previously mentioned cyclodextrin funcitionalised 1,4,7,10 
tetraazacyclododecane lanthanide complex (XI!), a relaxivity enhancement due to the 
increased molecular weight and size of the molecule, involving a cyclodextrin 
functionalised gadolinium complex and a non covalently bound guest, was observed for the 
first time. 
1.53 Metallo cyclodextrins for nanoparticle formation 
Nanoparticles can be stabilized by absorption of a protective organic shell. 
Recen4cyclpdextrins have been used for these purposes and to obtain water-soluble 
materials with catalytic activities. Kaifer et al have developed gold, 97 platinum and 
palladium" nanoparticles with modified cyclodextrin surfaces. The cyclodextrin receptor is 
modified with thiol groups at the 6-position providing the binding ability to the platinum 
and palladium metal centre. Particles with surface attached thiolated cyclodextrins form 
reasonably monoclispersed colloid particles with enhanced water solubility. Enhanced 
catalytic activity for the hydrogenation of allylamine, which is attributed to the receptor 
functionality of the cyclodextrin cavity, was observed. Gold nanoparticles modified with 
cyclodextrin were further used to bind a thiol appended ferrocene derivative to the meta 
cluster in an controlled manner. The long hydrophobic tail of the compound is complexed 
in the cyclodextrin cavity and bound to the metal core by forming a rotaxane like species. 
Schmidt and Beyer" have used the rigid structure of the cyclodextrin cavity and their 
amphiphilic properties to obtain extended ordered monolayers on Au 55 clusters. By 
generating a thin film of a gold cluster in dichioromethane on an aqueous solution of a 
thiolated cyclodextrin. The six thiol groups of the oligo-saccharide bind to the metal core 
and the clusters assemble in monolayers in an hexagonal and cubic structure and can be 
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transferred onto a carbon coated copper grid. This novel technique is very promising for 





In this thesis, metallocyclodextrins for the development of energy or electron transport 
systems via non-covalent bonds will be described. 
Chapter 2 gives the experimental details of all the synthetic routes for metallo-
cyclodextrins and guest compounds, the binding studies and the photophysical work. 
Chapter 3.1 addresses the appending of a photoactive unit to a cyclodextrin receptor 
molecule. The syntheses, characterization and photophysical properties of ruthenium 
terpyridine functionalised cyclodextrins are discussed. The metallo-cyclodextrins are used 
to study electron and energy transfer processes from the ruthenium center to guests bound 
in the cyclodextrin cavity via non covalent bonds. The guests include quinone based 
organic molecules and osmium metallo-guests. 
In chapter 3.2, metal centers such as ruthenium(I1), iron(II) and europium(III) are 
employed to bring more than one receptor together. Simple coordination principles can be 
used to assemble two or three functionalised cyclodextrins around a metal core. Bidentate 
and tridentate ligands are reacted with six- and nine- coordinate metals to obtain his- and 
tris-cyclodextrin metallo complexes. A luminescent ruthenium tris-cyclodextrin complex is 
obtained in this way, and, following the photophysical concepts of Chapter 3.1, preliminary 
results of investigations of electron and energy transfer studies are reported. 
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To estimate the strength of binding of the guests in the cyclodextrin cavity, binding 
studies of quinone and biphenyl-terpyridine based guests in the host are essential. These are 
reported in Chapter 3.3 Spectroscopic changes of the guests upon inclusion in the 
cyclodextrin cavity are discussed and association constants measured and evaluated. 
In the appendix, the structures of synthesized compounds, 2D NMR spectra of 
selected ligands and complexes, a list of attended conferences and courses and copies of 
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All starting materials were purchased from Aldrich unless otherwise indicated. 3-
Cyclodextrin, provided by American Maize-Products company, was recrystallized from 
water and dried under vacuum at 80 °C for at least 6 hours prior to use. Ruthenium and 
osmium starting materials (RuCI3 •3H20 and 0s04) were supplied by Johnson & Matthey. 
Solvents used in synthetic procedures were analytical grade with the exception of HPLC 
grade solvents used in size exclusion chromatography and spectroscopic studies. Double 
deionised water was used where necessary in the spectroscopic studies. Tetrahydrofuran 
was freshly distilled from sodium under nitrogen. All the ilgand synthetic procedures 
were carried out under nitrogen atmosphere. Thin layer chromatography (PLC) analyses 
were performed on either Merck silica gel 60 glass plates or Merck alumina Brockman I 
grade, as indicated. Biobeads SX3 was used as a stationary phase for size exclusion 
chromatography. Cyclodextrins were detected by an oxidizing solution consisted of p-
anisaldehyde/acetic acid/methanol/sulphuric acid in 2:45:430:22 ratio, following heating 
at around 100 °C. 
2.2 Instrumentation 
NMR spectra were recorded on Bruker DRX 360, AC 300, AV 300 or DRX 500 and 
Varian Inova 600 spectrometers. Fast atom bombardment mass spectrometry was 
performed on a Kratos MS-50 spectrometer and electrospray on a Quattro instrument at 
the EPSRC Mass Spectrometry Service Centre in Swansea and a Micromass LCT Mass 
spectrometer at the University of Birmingham. Electron Impact mass spectra were 
measured on a VG. Prospec mass spectrometer at the University of Birmingham. 
Absorption spectra were recorded on a Perkin Elmer Lambda 16 UV/Vis spectrometer 
and a Shimadzu UV-3I0IPC UV-Vis-NIR scanning spectrometer. Emission spectra were 
performed on a QuantaMaster QM-1 steady state emission spectrometer from Photon 
Technology Instruments equipped with a 75 W or SOW xenon arc lamp and a model 810 
photon counting detection system with a red sensitive R928 photomultiplier tube. Single 
grating monochromators are used for wavelength selection of the excitation light and the 
luminescence. The emission monochromator grating is blazed at 500 or 750 nm. The 
data were collected and analyzed with Felix software. Time resolved emission and 
transient absorption spectra were measured at the University of Amsterdam in 
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collaboration with Prof Luisa •deCola. Data were obtained with a gated Optical 
Multichannel Analyzer (OMA IV) of EG&G instruments similar to the ones described 
previously.' As excitation and white probe sources a tunable Coherent Infinity laser (1 ns 
pulses FWHM) and an EG&G Xe flash lamp (X 504) were used respectively. The 
excitation beam is at a right angle to the probing beam. The probing path length is 1 cm. 
Samples were adjusted to an absorbance of between 0.5 and 1 (1 cm) at the excitation 
wavelength. Laserpower was ca. 10 mJ per pulse (0.2 cm). Luminescence lifetimes were 
also measured at the University of Amsterdam with time correlated single photon 
counting using a Hamamatsu microchannel plate (R 3809) detector in a setup slightly 
modified from that previously described,' employing a frequency doubled DCM dye laser 
which is synchronously pumped with a mode locked Argon ion laser resulting in 324 nm 
20 ps FWHM pulses. Decays were analyzed with a home written deconvoluflon program. 
Quantum yield experiments were determined using the "optical dilute relative method", 
using an aerated aqueous [Ru(bpy) 3]C12 solution with a known quantum yield of 0.028 ± 




1-(2'-pyridyl)-3- (4"-methylphenyl)-2-propen-1-one (1) 
2-Acetylpyridine (3.24 g, 26.7 mmol) was dissolved in ethanol (50 mL) at room 
temperature and then cooled to 0°C. An aqueous sodium hydroxide solution (2M, 10 
mL) followed by p-tolualdehyde (3.21 g, 3.15 mL, 26.7 mmol) were added and the 
mixture was stirred at 0°C for 2 hours. After 90 min a yellow precipitate appeared which 
was filtered off, washed with ice-cold ethanol and dried under vacuum. More product 
could be obtained by leaving the mother liquor in the refrigerator over night. The total 
yield of 3-(2-pyridyl)-1-(4-methylphenyl)-propen-3-one was 3.4 g (58%). 
1 H NMR (360 MHz, CDC13): ö in ppm 8.75 (m, IH, H-6), 8.26 (d, IH, H-I), 8.18 (d, IH, 
H-3'), 7.90 (d, 1H, H-2), 7.78 (s, IH, H-4') 7.62 (d, IH, H-2"), 7.48 (s, IH, 1-1-5'), 7.21 (d, 
IH, H-3"), 2.39 (s, 3H, methyl). 
3-(2'-pyridyl)-3-(4 11-biphenyl)-2-propen-1-one (2) 
The same procedure as described for 3-(2-pyridyl)-1-(4-methylphenyl)-propen-3-one 
was used, starting with biphenyl-4carboxaldehyde (1.5 g, 8.2 mmol). Yield: 1.64 g,  52%. 
N- {1- (2'-pyridyl)-1-oxo-2ethyl} pyridinium iodide (PPI) (3)4 
Iodine (16.43 g,  64.7 mmol) was dissolved in dry pyridine (80 mL) after warming up 
to 80°C, 2-acetylpyridine (7.99 g, 7.4 mL, 65.9 mmol) was added at room temperature 
and the solution was refluxed for 90 mm. After cooling it down to 0° C, ether (7 mL) 
was added to complete the precipitation. The black solid was filtered off, washed with a 
cold ether/ethanol (9:1) solution and ice-cold ethanol. The dark product was 
recrystallized from ethanol and yielded 16.89 g  (79%) PPI. 
4'-(p-tolyl)-2,2':6',2"-terpyridine (ftp) (4) 
3-(2-pyridyl)-I-(4-methylphenyl)-propen-3-one (1.425 g,  6.38 mmol), dry ammonium 
acetate (5 g,  64.9 rnrnol) and PPI (2.08 g,  6.38 mmol) were stirred in ethanol (25 mL) at 
room temperature for I h and then refluxed for 24 h. The volume of the dark greenish 
blue solution was reduced to a third on the rotary evaporator and cooled in the 
refrigerator overnight. The dark precipitate was filtered off and washed with a few mL of 
cold ethanol. The mother liquor was concentrated and kept in the refrigerator, where 
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upon more product could be obtained. The product was recrystallized form ethanol to 
give 2.3 g (92 9/6) whitish 4'-(p-tolyl)-2,2':6',2"-terpyridine. 
1 H NMR (360 MHz, CDC13): 6 in ppm 8.75 (m, IH, H-6"), 8.26 (d, IH, H-I), 8.18 (d, 
IH, H-3"), 7.90 (d, IH, H-2), 7.78 (m, IH, H-4'), 7.62 (d, IH, H-2"), 7.48 (m, IH, H-5'), 
7.21 (d, IH, H-3"), 2.39 (s, 3H, CH 3). 
4'(4-biphenyl)2,2':6',2"-terpyridine (biptpy) (5)3 
The same procedure as described for tip was used, starting with 3-(2'-pyridyl)-3-(4"-  
biphenyl) -2-propen-1-one (1.5 g, 5.25 mmol) and PPI (3.0 g,  5.25 mmol). The product 
was purified with column chromatography (alumina neutral, ethylacetate/cyclohexane 
0.5/10) to give 0.92 g  of the compound (46 % yield). 
1 H NMR (360 MHz, CDC1 3): 6 in ppm 8.78 (s, 2H, H-3'), 8.72 (d, J = 4.7Hz, 2H, H-6), 
8.65 (d,J = 8.1 Hz, 2H, H-3), 8.00 (d,J = 8.4 Hz, 2H, H-a,b), 7.89 (td,J = 7.6Hz, 1.8 Hz, 
2H, H-4), 7.70 (d, J = 8.7 Hz, 2H, H-a,b), 7.67 (d, J = 7.0 Hz, 2H, H-o,m), 7.45 (m, 3H, 
H-o,m,p), 7.35 (td,J 7.6 Hz, 1.3 Hz, 2H, H-5). 
4'-(p-(bromomethyl)-phenyl)-2,2':6 1,2"-terpyridine (ttp-CH 2Br) (6) 6 . 
A solution of 4'-(b-tolyl)-2,2':6',2"-terpyridine (065 g, 2.01 mmol), N-bromo-
succinimide (0.37 g, 2.07 mmol) and dibeuzoyl peroxide was left to reflux in 120 mL of 
carbon tetrachloride for 6 h. TLC analysis (basic alumina, diethylether/hexane 1:1) 
indicated that only 4'-(b-(bromomethyl)-phenyl)-2,2':6',2"-terpyridine (Rf = 0.40) was 
formed. The yellow brown mixture was allowed to cool down to room temperature, 
filtered, washed with 2 x 10 niL of water and dried over anhydrous Na 2SO4. The solvent 
was evaporated and the residue was recrystallised from a 2:1 ethanol/acetone solvent 
mixture to yield the pure 4'-(p-(bromomethyl)-phenyl)-2,2':6',2"-terpyridine as a solid 
(0.46 g,  yield: 57%). 
1 H-NMR (360 MHz, CDCI3): 6 in ppm 8.72 (s, IH, H-3'), 8.66 (d, J = 8.0 Hz, 4H, H-3 
and H-6), 7.92-7.83 (m, 4H, H-4 and Ho), 7.52 (d, J = 8.2 Hz, 2H, Hm), 7.38-7.32 (m, 
2H, H-5), 4.56 (s, 2H, .-CH 2Br). 
13C-NMR (360 MHz, CDC13): 6 in ppm 155.9, 155.8, 149.4, 149.0, 138.5, 138.4, 129.5, 
127.7, 123.8, 121.3, 118.7, 32.9. 
FAB-MS (NOBA matrix): m/t402 {M+H}. 
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Mono-6-hydroxy permethylated f3-cyclodextrin (13-CD—OH) (7)7 
To a mechanically stirred solution of j3-cyclodextrin (8.03 g,  7.08 mmol) in dry DMF 
(150 mL) imidazole (1.07 g,  15.79 nimol) was added. A solution of tett-butyldimethylsilyl 
chloride (2.22 g,  14.70 mmol) in the same solvent (45 tnL) was added drop wise at room 
temperature over 30 mm. The mixture was stirred for 2 h and followed by TLC (silica, 
BuOH/EtOH/water 5:4:3). Three spots were detected with Rfs 0.4, 0.6 and 0.8 (weak) 
which belong to (3-cyclodextrin, the monosilylated 13-cyclodextrin and an unidentified by- 
product respectively. The reaction mixture was cooled down to 0°C for the addition of 
sodium hydride (21 g,  60 % oily suspension 12 g,  501 mmol) over I h. It was kept at 
this temperature for an additional hour, then warmed up to room temperature and stirred 
for further 2 h. After cooling to 0°C, methyliodide (139.08 g,  61 niL, 979.9 mmol) was 
dropped in over I h where upon the greyish mixture turned yellow. The mixture was 
kept stirring at this temperature for one hour and was then warmed up to room 
temperature and left stirring for 24 hours. TLC at this point showed three spots with Rfs 
0.67, 0.7 and 0.76. To destroy the excess of sodium hydride methanol (40 tnL) was added 
carefully at 0°C. After pouring the solution on ice water (700 niL), the aqueous phase 
was extracted with chloroform (4 x 500 niL) and the combined organic layers 
concentrated to about 200 mL on the rotary evaporator. This chloroform solution was 
washed with aqueous sodium thiosulfate solution (3%, 4 x 100 mL) and water (3 x 70 
mL), dried over anhydrous MgSO 4, filtered and the solvent was evaporated under 
reduced pressure. The yellowish brown residue was dried under vacuum for 10 h at 
80°C. As separation by chromatography is difficult at this point, the residue was refluxed 
with ammonium fluoride (4.82 g, 130.14 mmol) in methanol (400 mL) for 24 h to take 
the protecting group off. The reaction was followed by TLC. When the spot for the 
silylated f3-cyclodextrin disappeared the solution was evaporated to dryness on the rotary 
evaporator, taken up in ethyl acetate (500 mL), filtered through celite and again, the 
solvent was removed. Purification of the yellowish residue was performed by flash 
chromatography, using a Biotage prepacked silica column (eluent system: ethyl 
acetate/methanol, 10:0.5; eluent system for TLC: ethyl acetate/methanol, 9:1), yielding 
mono-6-hydroxy permethylated 0-cyclodextrin (yield: 25%, Rf = 0.19) and 
permethylated 13-cyclodextrin (yield: 16%, Rf = 0.31). Characterization of the compound 
by NMR spectroscopy and mass spectrometry agrees with the previously published data. 
Selective data are given below. 
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'H-NMR (300 MHz, CDC1 3): S in ppm 5.22 (d, J = 3.6 Hz, 1H, H1-1),  5.15 (m, 2H, 
HGIU-I), 5.09 (d, J = 3.6 Hz, 3H, H01 -1), 5.02 (d, J = 3.4 Hz, IH, HGJU-l), 3.92-3.69 (m, - 
OCR3 and HGIU-2,3,4,5,6). 
13C-NMR (300 MHz, CDC13): S in ppm 99.39, 99.23, 82.84, 82.58, 82.50, 82.30, 81.93, 
81.51, 81.07, 80.96, 80.44, 80.26, 79.06, 72.22, 71.93, 71.78, 71.49, 71.30, 66.22, 62.13 
61.99, 61.88, 61.70, 61.44, 59.52, 59.34, 59.10, 59.05, 58.89, 58.77, 58.70. 
ES MS (MeQJ-J): m/t  1437 {M+Na}. 
Anal found: 51.74% C; 7.70 % H 
calculated for C 84 H125 N3035  1H20: 51.95% C; 7.87 % H 
2,3,6-Tri-O-benzyl-J3-cyclodextrin (8)8 
A solution of -cyc1odexthn (5 g, 4.4 mmol) in DMSO (250 mL) was added slowly 
to a suspension of NaH (3.0 g,  60 % suspension in mineral oil, 75 mmol) in the same 
solvent, followed by dropwise addition of benzylchloride (14 mL, 122 mmol) over I h. 
The reaction was followed by TLC (silica, ethyl acetate! cyclohexane 1/3) until just one 
spot of the product (Rf = 0.5) was visible. The mixture was then poured into water and a 
white slurry was obtained. The supernatant liquid was decanted and the rest of the 
solvent evaporated. The remaining oil was passed through a silica column to obtain 2,3,6-
tri-O-benzy1--cyclodextrin as colourless oil; 
1 H-NMR (300 MHz, CDCI3): Sin ppm 7.5-7.2 (m, 15H), 4.76 (s, 1H), 4.64 (d,J = 11.1 
Hz, IH), 4.34 (d, J = 11.1 Hz, 11-I), 4.12 (s, 2H), 4.05s, 2H), 3.94 (s, 2H), 3.6 (m, 6H), 
3.08 (d,J = 9.2 Hz, IH), 3.04 (d,J = 5.9 Hz, IH). 
6-mono(4-tolylterpyridine)-permethylated -cyelodextrin (J3-CD-up) (9)9 
To a solution of n-CD-OH (382 mg, 0.27 mmol) in 10 mL of dry tetrahydrofuran 
cooled to 0 °C, sodium hydride (65 mg, 2.7 mmol) was added under vigorous stirring. 
When addition was complete, the mixture was allowed to warm up to room temperature 
and was kept at 50-55°C for I h. ttp-CH 2Br (143 mg, 0.36 mmol) dissolved in 15 mL of 
THF was added at room temperature and the solution was brought to reflux for 24 h. 
The reaction was followed by TLC (alumina; ethyl acetate/methanol 10:0.1, RE product 
= 0.54, mono-6-hydroxy permethylated 3-cyclodextrin = 0.22 and ttp-CH 2Br = 0.96 
respectively). The reaction mixture was then hydrolysed with a saturated aqueous 
M, 
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solution of NaCl at 0°C. Following evaporation of the tetrahydroftiran, the aqueous 
phase was extracted with dichioromethane (4 x 50 mL). The combined organic phases 
were dried over Na 2SO4, filtered and concentrated. The solid obtained was purified by 
chromatography on alumina gel by using ethyl acetate/ethanol 10:0.1 as eluent. (330 mg, 
yield: 71 %). 
1 H-NMR (600 MHz, CDC13): S in ppm 8.73 - 8.72 (m, 4H, H-3', H-6), 8.66 (d, J = 7.9 
Hz, 2H, H-3), 7.89 (d, J = 7.3 Hz, 2H, Hm), 7.87 (m, 2H, H-4), 7.48 (d, J = 7.2 Hz, 2H, 
Ho), 7.35 (in, 2H, H-5), 5.13-5.06 (m, 7H, H 1 -1), 4.70 (d, J = 12.5 Hz, 1H, -CH 2-
benzyl), 4.64 (d,J = 12.5 Hz, 11-I, -CH 2-benzyl), 3.99 (dd,J = 10.6,J = 4.0 Hz, 1H, HOC 
6), 4.0-3.0 (m, -OCH3 and H01 -2,3,4,5,6). 
FAB-MS (NOBA matrix): m/t1738{M+H}. 
Anal found: 56.43% C; 7.39 % H; 2.35% N 
calculated for CM H 225 N3 035 3H20: 56.33% C; 7.37 % H; 2.35% N 
4-(trimethylsilyl)methyl 4'-methyl-2,2'-bipyridine (10)' ° 
To a solution of LDA (Fluka, 1.05 g, 9.78 rninol) in freshly distilled tetrahyrofuran 
(20 mL) a solution of 4,4'-dimethyl-2,2'-bipyridine (1.50 g, 8.15 ininol) in the same 
solvent (50 mL) was added dropwise at —78 °C. The dark brown mixture was kept 
stirring at that temperature for an hour. Trirnethylsilyl chloride (1.06 g, 9.78 rnmol) was 
added under vigorous stirring and after 20 s the reaction was quenched with absolute 
ethanol (10 mL), where upon the solution turned green. The cold reaction mixture was 
poured in aqueous saturated NaHCO 3 solution and was left to warm up to room 
temperature. The mixture was extracted by clichloromethane. (3 x 40 mL) and the 
combined organic phases were dried over anhydrous Na 2SO 4. After filtration and 
evaporation of the solvent TLC analysis of the mixture showed the presence of mono-
and bis- silyl substituted products (silica gel deactivated with NH 3 Rf = 0.68 and 0.86, 
respectively). Pure product was obtained after column chromatography (silica gel 
deactivated by addition of 10 o,/  triethylamine to the eluent system: ethyl acetate / 
cyclohexane 3:7 (yield: 1.5 g,  72 %). 
1 H NMR (360 MHz, CDC13): ö in ppm: 8.51 (d,J = 4.98 Hz, 1H, H-6), 8.45 (d,J = 5.26 
Hz, IH, H-6'), 8.21 (s, IH, H-3'), 8.04 (s, iH, H-3), 7.09 (dd,J = 4.97 Hz,J = 1 Hz, iH, 
H-5'), 6.93 (dd,J = 5.01 Hz,J = 1 Hz, IH, H-5), 2.41 (s, 3H, 4'-methyl), 2.19 (s, 2H, 4-
methylene), 0.02 (s, 9H, CH 3-Si). 
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4-bromomethyl, 4'-methyl-2,2'-bipyridine (11)11 
Caesium fluoride (0.475 g,  3.125 mmol) and BrF2C-CBrF2 (0.813 g,  3.125 nimol) 
were added to a solution of 4-(trimethylsilyl)methyl 4'-methyl-2,2'-bipyridine (0.4 g, 1.56 
mmol) in dry DMF (5 mL). The reaction was followed by TLC (deactivated silica, ethyl 
acetate /hexane 1:4; RfPTOdUCE  = 0.43). The reaction is gone to completion after 4-5 h and 
then the mixture was poured into water (10 niL) and extracted by ethyl acetate (3 x 50 
niL). The combined organic phases were washed with brine, dried over Na 2SO41  filtered 
and the solvent evaporated. The brown oil was purified by column chromatography 
(deactivated silica ethyl acetate / cyclohexane 1:4) to give a slightly yellow oil (yield: 0.3 g, 
73%).  
'H NMR (360 MHz, CDC13): 8 in ppm 8.60 (d, J = 4.99 Hz, IH, H-6), 8.49 (d, J = 4.96 
Hz, IH, H-6'), 8.37 (s, IH, H-3), 8.19 (s, IH, H-3'), 7.29 (dd,J = 4.95 Hz,J = 1 Hz, IH, 
H-5), 7.11 (dd,J = 5.03 Hz,J = 1Hz, 1H, H-5'), 4.43 (s, 2H, 4- methylene), 2.39 (s, 3H, 
4' -methyl) 
6-mono [4-methyl(4'-methyl-2,2'-bipyridyl)] -permethylated -cyclodextrin (I - 
CD—mbpy) (12) 
6-monohydroxy permethylated 13-cyclodextrin (0.8 g, 0.565 mmol) was dissolved in 
freshly distilled tettahydrofuran (15 mL). NaH (100 mg, 60% suspension in oil, 2.6 
mmol) was added and a white precipitate was formed. A solution of 4-bromomethyl, 4'-
methyl-2,2'-bipyridine (208 mg, 0.789 mmol) in tetrahydrofuran (5 mL) was added. The 
mixture was left to reflux for 12 h, quenched with brine (5 mL) and the solvent was 
evaporated. The residue was treated with brine (10 niL) and extracted with 
dichloromethane (3 x 40 rnL). The combined organic phases were dried over Na 2SO4, 
filtered and the solvent was evaporated. The compound was purified through column 
chromatography (Biobeads SX3, acetone) Yield 0.3 g,  33 % 
'H NMR (600 MHz, CDC13): ö in ppm 8.58 (d, J = 5 Hz, IH, H-6), 8.46 (d, J = 5 Hz, 
IH, H-6'), 8.28 (s, 1H, H-3), 8.19 (s, IH, H-3'), 7.33 (dd,J = 5 Hz,J = 1 Hz, IH, H-5), 
7.09 (dd,J = 5 Hz,J = 1 Hz, 1H, H5'), 5.12 —5.07 (H1 1 , 7H), 4.66 (dd,J = 13.5 Hz,J 
= 19.0 Hz, 2H, CH 2 on H-4-bpy), 4.06 (dd,J = 6.8 Hz,J = 3.85 Hz, IH, H Gk-ó), 3.83-




To a solution of PPI (3.2 g,  10 mmol) and ammonium acetate (40 g) in formamide 
(20 mL) at 60 °C, methacrolein (1.12 mL, 19 mmol) was added and the mixture stirred 
for 24 h. TLC (silica, methanol/chloroform 9.5/5) showed just one spot (Rf = 0.4). 
After cooling to room temperature, the product was extracted with ether (3 x 50 mL). 
The combined ether phases were washed with l% aqueous carbonate solution (20 mL), 
dried over Na 2SO41  filtrated and the solvent evaporated. 1.5 g (92 % yield) of 5-methyl-
2,2'-bipyridine were obtained as a yellow brown oil. 
1 H-NMR (360 MHz, CDC13): S in ppm 8.60 (d, J = 2.4 Hz, IH, H-6'), 8.48 (s, IH, H-6), 
8.31 (m, 2H, H-3,3'), 7.80 (m, IH, H-4'), 7.61 (d, J = 1.8Hz, IH, H-5'), 7.25 (m, IH, H-
4), 2.37 (s, 3H, methyl). 
2,2'-Bipyridine-5-carboxylic Acid (14) 12 
5-Methyl-2,2'-bipyridine (1.5 g, 9 mmol) was suspended in water (70 mL) and 
1,,'MnO4 (5 g) was added. The mixture was refluxed for 4 h after which the initial purple 
colour disappeared. TLC (silica, clichloromethane/methanol 10 : 0.5) of an ether extract 
(1 tnL) of 0.5 ml, from the reaction mixture showed presence of some starting material, 
another 2.5 g  of KMnO4 was added and refluxed for another 2 h. When no 5-methyl-
2,2'-bipyridine was left, the reaction mixture was cooled to room temperature, acidified 
with concentrated HCl to pH 1 and the white precipitate was filtered (0.6 g, 35% yield). 
1 H-NMR (360 MHz, DMSO): ö in ppm 13.5 (s, very broad, 1H, COOH), 9.16 (s, IH, H-
6), 8.73 (d,J = 1.9Hz, 1H, H-6'), 8.43 (m, 3H), 8.00 (t, IH), 7.55 (m, IH). 
6-Mono-(5-carboxyl- 2,2'-bipyridine)-permethylated -cyclodextrin (bpyCO--
CD) (15) 12  
2,2'-Bipyridine-5-carboxylic acid (300 mg, 1.6 mmol) in 10 mL sod, was kept at 80 
°d under nitrogen atmosphere for 12 h. The excess thionyl chloride was removed under 
reduced pressure and the residue taken up in dry pyridine. n-CD—OH (200 mg, 0.14 
mmol) was added and the mixture stirred for 48 h. The solvent was evaporated, the 
residue taken up in ethyl acetate and purified by column chromatography ( -aluniiria, ethyl 
acetate/methanol 10:0.3) to give bpyCO--CD as a yellow oil (27 mg, 12 % yield). 
1 H-NMR (600 MHz, dDd13): S in ppm 9.25 (s, IH, H-6), 8.68 (d,J = 4.0 Hz, IH, H-6'), 
8.50 (d,J = 8.3 Hz, 1H), 8.45 (d,J = 8.0 Hz, IH), 8.36 (dd,J = 2.1 Hz, 8.2 Hz, 1H), 7.82 




ES MS (H20): mIt  1598 [M+1]' 
2,2':6',2"-Terpyridine 1,1"-di-N-oxide (tpy-02) (16)3 
A solution of terpyridune (0.25 g, 1.07 mmol) in chloroform (15 mL) was added 
dropwise to a solution of m-chloroperbenzoic acid (1.1 g, 6.44 mmol) in 30 mL of the 
same solvent over a time of 20 min at room temperature under nitrogen atmosphere. 
The mixture was stirred for 24 h and then washed with saturated Na 2CO3 solution (3 x 
20 rnL), dried over Na2SO41  filtrated and the solvent evaporated. Filtration through silica 
(methanol/chloroform 5: 95) gave 215 mg of the product. Yield: 72 % 
1 H-NMR (300 MHz, CDC13): 8 in ppm: 8.93 (d, J = 8.0 Hz, 2H, H-3', H-5'), 8.38 (d, J = 
6.6 Hz, 2H, H-6, H6"), 8.19 (dd, J = 2.2 Hz, 8.0 Hz, 2H, H-3, 3"), 8.00 (t, J = 8.0 Hz, 
IH, H-4'), 7.43-7.28 (m, 4H, H-4, H-5, H-4", H-5"). 
El MS: m/t265{M -F1}. 
1-Adamantane carbaldehyde (17)14 
A solution of (1-adamantanyl)-methanol (1.05 g, 6.2 mmol) in freshly distilled 
clichloromethane (10 mL) was added by syringe under nitrogen to a suspension of 
pyridinium chlorochromate (2.0 g,  9.2 mmol) in the same solvent (15 mL). The solution 
turned brown immediately and was kept stirring for 1.5 h. Dry ether (50 mL) was added 
and the solution passed with the aid of a pump through a column of Florisil (10 g) under 
nitrogen atmosphere. The column was washed with ether. The solution was dried over 
anhydrous Na2SO4 and the solvent was evaporated to give I -adamantane carbaldehyde as 
an off-white solid (1.7g. 83 % yield). 
1 H-NMR (300 MHz, CDC13): ö in ppm 9.31 (s, IH, HCO), 2.1-1.50 (m, 15H, 
adamantane). 
1-(2'-pyridyl)-3-(1-adamantyl)-2-propen-1-one (18) 
1-adamantane carbaldehyde (0.82 g,  5 mmol) and 2-acetylpyridune (0.6 g, 5 mmol) 
were stirred in ethanol (25 niL) and 1.5 M NaOH (5 mL) at room temperature for 6 h. 
As no precipitate occurred the solvent was evaporated, the residue was dissolved in 
dichioromethane (50 mL) and washed with water (3 x 10 ML). The organic phase was 
dried over anhydrous Na2504 and after solvent evaporation gave 1.18 g of 1-(2'-pyridyl)-
3-(1-adamantyl)-2-propen-1-one (89 % yield). 
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1 H-NMR (300 MHz, CDC13): S in ppm 8.6 (s, 1H, H-6), 8.05 (d, J = 7.0 Hz, 1H, H-i), 
7.75 (t, 1H, H-4'), 7.45 (d, J = 16 Hz, IH, H-alkene), 7.38 (m, IH), 7.04 (d, J = 16 Hz, 
iH, H-alkene), 1.98-1.45 (m, 15H, H-adamantyl). 
4'-(1-adamantly)-2,2':6',2"-terpyridine (tpy-Ada) (19) 
1-(2'-pyridyl)-3-(i-adamantyl)-2-propen-i-one (1.0 g, 3.74 mmol), PPI (1.2 g,  3.74 
mmol) and ammonium acetate (2.5 g) were refluxed in ethanol (50 mL) for 12 h. The 
mixture was cooled to room temperature and the solvent was evaporated under reduced 
pressure. The residue was dissolved in water (15 mL), extracted with dichloromethane (3 
30 mL) and the combined organic phases dried over anhydrous Na 2SO4. The dark 
green product was purified by column chromatography (silica, ethyl acetate/cyclohexane 
0.5/10) as second band (Rf = 0.42) to give 400 mg (30 % yield) 
1 H-NMR (300 MHz, CDC13): Sin ppm 8.71 (d,J = 4.8 Hz, 2H, H-6), 8.62 (d,J = 7.1 Hz 
2H, H-3), 8.48 (s, 2H, H-3'), 7.84 (dd,J = 1.9 Hz, 7.8 Hz, 2H, H-4), 7.30 (m, 2H, H-5), 
2.15-2.09 (m,IOH, adamantane), 1.82 (s, 7H, adamantane). 
1 H-NMR (300 MHz, CDC13): S in ppm 162.1, 156.8, 155.4, 149.1, 136.8, 123.5, 121.4, 
117.8, 42.5, 36.9, 36.7, 28.8. 
ES MS (MeOH): rn/z  368 M 
Ru(3-CD—ttp)C13 (20)' 
-CD-ttp (90 mg 0.052 mmol) was added to a solution of RuC1 3 3H2O (13.6 mg, 
0.052 mmol) in 15 mL of absolute ethanol. The mixture was heated at reflux for 4 h 
while vigorous magnetic stirring was maintained. The mixture was allowed to cool to 
room temperature, extracted with dichioromethane, dried over MgSO 4 and the solvent 
was evaporated. The reaction gave 86 mg of Ru(13-CD—ttp)Cl 3 (yield: 85 
FAB-MS (DMSO/NOBA matrix): rn/ti945  {M+H}. 
[Ru(f3-CD—ttp) (up)] [PF6] 2 (21) 
A mixture of f3-CD—ttp (90 mg, 0.052 mmol), Ru(ttp)C1 3 (13.6 mg, 0.052 mmol) and 
few drops of N-ethyl-morpholine in 7 mL of methanol was left to reflux for 24 h. After 
cooling to room temperature, the mixture was filtered through celite and a methanolic 
solution of ammonium hexafluorophosphate (20 mg, 0.123 mmol) was added to the dark 
red filtrate. The compound was extracted with dichioromethane and purified by size 
we 
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exclusion chromatography (BioBeads SX3; dimethylformamide/tetrahydroftiran 1:1) (92 
mg, yield: 58 O/o) 
'H-NMR (600 MHz, CDC13): S in ppm 8.78 (s, 2H, H-3'), 8.77 (s, 2H, H,-3'), 8.48 (d, J 
= 8.0 Hz, 4H, H-3 and H-3), 8.08 (d, J = 8.1 Hz, 2H, Hm), 8.00 (d, J = 8.0 Hz, 2H, 
H-m), 7.79 (m, 4H, H-4 and H-4),  7.64 (d, J = 8.1 Hz, 2H, Ho), 7.40 (d, J = 8.0 Hz, 
2H, H-o), 7.35 (m, 4H, H-6 and H-6), 7.15 (m, 4H, H-S and H-5), 5.22-5.08 (m, 7H, 
HGIU-l), 4.74 (d, J = 13.9 Hz, IH, -CH.-benzyl), 4.73 (d, J = 13.9 Hz, IH, -CH2-benzyl), 
4.15 (dd,J = 10.8 and 3.2 Hz, IH, H 1 -6), 3.9-3.16 (m, -OCH 3 and HGIU-2,3,4,5,6). 
FAB-MS (NOBA matrix): m/z 2161 {M- [PFJ}, 2306{M-2[PF] 1 24 , 2451 W. 
LTV-Vis (CH3CN): X. in tim (? in Mcm 1) 490 (28600), 310 (77600) 282 (72400). 
TJV-Vis (H20): X m in nm (A in Mcmj 490 (26000), 310 (60100) 282 (58258). 
Anal found: 51.9 % C; 6.1 % H; 3.3% N 
calculated for C 106 H 142 N6 035 Ru P2F 12: 51.9% C; 5.8 % H; 3.4% N 
[(13-CD—ttp)Ru(tpy)] [PF 6] 2 (22) 
A similar procedure as for [(3-CD—ttp)Ru(ttp) [PF 6]2 was followed using Ru(tpy)C1 3 
and 13-CD—tip. Yield: 79 % 
1 H-NMR (600 MHz, CDCI3): 8 in ppm 8.78 (s, 3H, H-3D, 8.64 (d, J = 8.2 Hz, 2H, H-
3'), 8.49 (d, J = 8.2 Hz, 2H, H-3), 8.67 (d, J = 7.2 Hz, 2H, Hq,y 3), 8.09 (d, J = 8.1 Hz, 
2H, Hm), 7.83 (m, 2H, H-4), 7.79 (m, 2H, H-4), 7.67 (d, J = 8.1 Hz, 2H, Ho), 7.39 (d, J 
= 5.1 Hz, 2H, H-6), 7.35 (d, J = 5.2 Hz, 2H, H4,-6) 7.29 (m, 1H, H-4'), 7.18 (m, 4H, 
H-S and Hq,y S), 5.22-5.08 (m, 7H, H GIU-l), 4.76 (d,J = 12.8 Hz, IH, -CH 2-benzyl), 4.74 
(d, J = 12.8 Hz, 1H, -CH,-benzyl), 4.15 (dd, J = 10.8 and 3.0 Hz, IH, HGIU-6), 3.9-3.16 
(m, -OCH 3 and H 1 -2,3,4,5,6). 
FAB-MS (NOBA matrix): m/2216{M-[PF 6]}, 2071 {M-2[PF6]1 24 . 
UV-Vis (CH3CN): k. in nm (s in M 1 cmj 483 (19000), 309 (64000) 283 (45000). 
[Ru(3-CD—ttp) 2] [PF6] 2 (23) 
A mixture of 13-CD—up (45 mg, 0.026 mmol), Ru(j3-CD—ttp)C1 3 (51 mg, 0.026 
nimol) and few drops of N-ethyl-morpholine in 7 niL of methanol was brought to reflux 
for 24 h. After cooling to room temperature, the mixture was concentrated and a 
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methanolic solution of ammonium hexafluorophosphate was added. The compound was 
extracted with dichioromethane and the product was then purified by size exclusion 
chromatography (BioBeads SX3; dimethylformamide/tetrahydrofuran 1:1) to give 65 mg 
of pure complex (yield: 64 O/o). 
1 H-NMR (600 MHz, CDC13): 6 in ppm 8.78 (s, 4H, H-3'), 8.50 (d, J = 7.9 Hz, 4H, H-3), 
8.07 (d,J = 7.9 Hz, 4H, Hm), 7.83 (in, 4H, H-4), 7.64 (d,J = 8.0 Hz, 4H, Ho), 7.39 (d,J = 
5.3 Hz, 4H, H-6), 7.19 (m, 4H, H-5), 5.19-5.07 (m, 14H, H 1 -1), 4.73 (dd, 4H, -CH 2-
benzyl), 4.12 (dd, 2H, H 1 -6), 3.9-3.16 (m, -OCH3 and HGIU-2,3,4,5,6). 
ES MS (CH3CN): mit  1788{M-2[PF 6]1 2 . 
UV-Vis (CH3CN): X in nm (sin M 1 cm 1) 490 (2.6x104), 311 (6.4x104) 285 (6.5x104). 
[Fe(-CD—ttp)J [PF 6] 2 (24) 
To a solution of (3-CD—up (50 mg, 0.029 mmol) in methanol (1 mL) a solution of 
(NH4)2Fe(SO4) 2 6H20 in the same solvent (5.6 mg, 0.014 mmol) was added. The 
complex formed immediately giving a strong purple colour in the solution. The mixture 
was heated for a few minutes to 50 °C, cooled to room temperature and a solution of 
ammonium hexafluorophosphate (4.8 mg, 0.028, mmol) in methanol (1 mL) kvas added. 
There was no precipitation due to the high solubility of the methylated cyclodext-rin and 
the complex was isolated following extraction by dichloromethane (74 mg, yield: 73 %). 
1 H-NMR (600 MHz, CDC13): ö in ppm 8.98 (s, 4H, H-3), 8.48 (d, J = 7.9 Hz, 4H, H-3), 
8.19 (d,J = 7.7 Hz, 4H, Ho), 7.80 (dd,J = 6.4, 6.8 Hz, 4H, H-4), 7.71 (d,J = 7.7 Hz, 4H, 
Hm), 7.19- 7.15 (rn, 4H, H-5,6), 5.24-5.10 (m, 7H, H GJU-l), 4.78 (dd, J = 7.6 Hz, 4H, - 
CH2-benzyl), 4.18 (dd, J = 10.7 Hz, J = 2.9 Hz, 2H, HGIU-6), 4.0-3.0 (m, H GJU-2,3,4,5,6, - 
ocH3GItj. 
FAB-MS (NOBA matrix); m1Z. 3674 (M-[PF6]}, 3530 {M-2[PF6]} 
UV/Vis (MeOH): X.. in nm (sin M 1 cm 1 ): 568 (13800), 313 (37500) 286 (46000). 
[Eu((3-CD—ttp) 31 [PF6] 3 (25) 
6-Monotolylterpyridine ailpermethylated (3-cyclodextrin, (3-CD—ttp (100 mg, 57 
mmol) was dissolved in absolute ethanol (2 mL) and a hot solution of Eu(NO 3) 3 5H20 
(8.56 mg, 19 mrnol) in the same solvent (1 niL) was added. The mixture was refluxed for 
3 h, the volume was reduced and NH 4PF6 in ethanol (1 mL) was added. As no precipitate 
was formed, the mixture was extracted with dichioromethane (2 mL) following 
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evaporation of the solvent, filtered through Millipore to remove the excess of NH 4PF61  
to give 85 mg of the complex (yield 79 %). 
1 H-NMR (300 MHz, CD3CN): S in ppm 16.14 (H-6), 7.18 (Holm), 6.95 (H-4,5) 6.6 and 
6.3 (Holm), 5.1 (HGU-l), 4.6 (-CH2-benzyl), 4.0 - 3.0 (rest of cyclodextrin protons), 2.5 - 
2.4 (H-3, 3'). 
ES-MS (MeOH/EtOH); rn/ 1788 {M-3[PF 6]} 3 . 
UV/Vis (CH2C1): kmax  in tim 280, 330. 
Luminescence analysis: A. =330 am, X.. in nm 590, 616, 621, 652, 688, 697, 702. 
[Ru(3-CD—mbpy) 3] [PF6] 2 (26) 
[Ru(f3-CD—mbpy) 3]PF6] 2 was synthesized by addition of [3 -CD—mbpy (110 mg, 
0.069 mmol) to a "blue ruthenium" solution (4.77 mg, 0.023 nnnol). The "blue 
ruthenium" solution was prepared by suspending commercially available RuCl 3 in 
ethylene glycol (5 mL) and heating it to 180 °C. The colour changes from brown to 
yellow, green and then deep blue. Cooling to 120 °C and addition of the bipyridine ligand 
results in an immediate complexation reaction indicted by the instantaneous colour 
change to bright red. To ensure completion of the reaction the mixture is kept at that 
temperature for 12h. The solvent was then evaporated and the residue washed with ether 
to remove excess of unreacted ligand. The red solid was then dissolved in 2 mL of 
methanol and the counter ion exchanged with ammonium hexafluorophosphate. As no 
precipitated occurred, the solvent was evaporated and the salt dissolved chloroform and 
filtered to separate it from the excess of ammonium hexafluorophosphate to give [Ru([3-
CD—mbpy) 3] [PF6] 2 (25 mg, 21 % yield) after solvent evaporation. Attempts to separate 
the two stereoisomers by column chromatography (silica, H 20:sat KNO3 :AN = 7:1:2 
cation exchange: spehadex C25, 0.1 M sodium tartrate) failed. 
1 HNJvIR (300 MHz, CD3CN): 5 in ppm 8.5, 8.4 (s, 611, H-3, 113'), 7.9-7.5 (m, 6H, H-6, 14-6'), 
7.4-7.2 (m, 611, H-5, 1-1-5'), 5.2-5.0 (m, 2114, HGIU-l), 4.7 (dd, 6H, H7), 4.2 (d, 31-1, HGItr6), 3.9 
3.0 (m, -OCH3 and HGIU-2,3,4,5,6), 2.5 (s, 914, CH 3). 
ES MS (MeOH): m/2448 {M-2[PF 6]} 2 
LTV-Vis (CH3CN): X, in tim: 248, 289, 460. 
Luminescence Analysis (14 20): X,, < in tim 620. Quantum yield: 0.027. 
[Fe(f3-CD—mbpy) 3] IPF61 2 (27) 
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A solution of (NH4) 2Fe(SO 4) 2 6H20 (12 mg, 0.03 nimol) in water (1 mL) was added 
to a solution of -CD—mbpy (150 mg, 0.09 mmol) in methanol (2 mL). The mixture 
turned immediately dark purple and was left stirring for 30 mm. The mixture was treated 
with a methanolic solution of NH4PF61  following extraction with dichioromethane (3 x 
20 mL) and column chromatography (Biobeads SX3, acetone). The complex was 
obtained in 45 % yield (70 mg). 
1 H-NMR (360 MHz, CDC13): S in ppm 8.55, 8.42 (2H, H-3,-3'), 7.35, 7.25 (4H, H-5,-5', 
H-6 1-6'), 5.25 —5.10 (7H, H GJU-l), 4.80 (2H, CH 2 on H-4-bpy), 4.25 (1H, HGIU-ó), 3.9-3.1 
(m, HGIU-2,3,4,5,6, -OCH3GIU), 2.6 (3H, -CH 3 on H-4'). 
UV/Vis (MeOH): X.. in nm (e in M'cm 1): 520 (9770), 351 (9700), 297 (83400), 289 
(88100). 
ES MS (CH3CN); m1Z. 2422{M-2[PF6]} 2 
[Ir(tpy)C13] (28) 16 
To a solution of terpyridine (330 mg, 1.4 mmol) in degassed ethylene glycol (10 niL) 
IrC13 (520 mg, 1.4 mmol) was added and heated in an oil bath for 2 h at 180 °C in the 
dark. The dark brown mixture was cooled to room temperature and filtered. The red 
brown precipitate was washed with ethanol, water, ethanol and ether to obtain 228 mg 
Ir(tpy)Cl3 (31 % yield). 
1 H-NMR (300 MHz, DM50): S in ppm 9.22 (d, J = 4.8 Hz, 2H, H-6), 8.77 (d, J = 8.5 
Hz, 2H, H-3), 8.72 (d, J = 8.1 Hz, 2H, H-3', H5'), 8.30 - 8.20 (m, 3H, H-4, H-4'), 7.96 
(m, 2H, H-5). 
ES MS (MeOH); m/rc  554 {M+Na]} 
[Ir(tpy)(biptpy)] [PP 6] 3 (29) 
Ir(tpy)C13 (100 mg, 0.188 mmol) and biptpy (72.4 mg, 0.188 mmol) were added to 
5mL degassed ethylene glycol and kept in the dark at 180 °C for I h. The green red 
solution was then evaporated to dryness, taken up with water (5 mL) and unreacted 
Ir(tpy)C13 (38 mg) was removed by filtration. The filtrate was extracted with ether and 
dichioromethane to remove unreacted biptpy. Water was evaporated and the brown 
residue purified by column chromatography (silica, CH 3CN/H20/sat. KNO,(aq) 
70/210/1) to give [Ir(tpy)(biptpy)[NO 3I 3 .The anion was exchanged with NH 4PF6 to yield 
128 mg (18' % yield) of [Ir(tpy)(btpy)j[PF 6] 3 . 
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'H-NMR (300 MHz, CD3CN: 6 in ppm 9.13 (s, 2H, H-3'), 8.86 (d,J = 7.6 Hz, 2H, H,-
3'), 8.78 (d, J = 7.0 Hz, IH, H-4'), 8.73 (d, J = 7.7 Hz, 2H, H-3), 8.59 (d, J = 7.6 Hz, 
2H, H-3), 8.33 (d,J = 8.4 Hz, 2H, H-a/b), 8.24 (m, 4H, H-4), 8.10 (d,J = 8.3 
Hz, 2H, H-a/b), 7.87 (d,J = 7.3 Hz, 2H, H-o), 7.70 (d,J = 5.1 Hz, 2H, H-6), 7.60(m, 
4H, H-m), 7.48 (m, SH, H-5, H-p). 
ES MS (MeOH: m/ 935 {M-[NO 3]}', 436 {M-2[NO 3]} 2 , 270 {M-3[NO3]} 3 . 
UV/Vis (CH3CN): 'mfl  in nm (c in M 1 cm'): 253 (51000), 281 (53000), 313 (29000) 324 
(29000), 354 (23000), 375 (21000). 
Luminescence Analysis (H 20): 	in nm 570. Quantum yield: 2.4*10 3 
[Os(tpy)(tpy-Ada)] [PF6] 2 (30) 
A mixture of [Os(tpy)(OH) 3] [PF6] 2 (72 mg, 0.0794 mmol) and tpy-Ada (35 mg, 
0.0952 mn-iol) in ethylene glycol (15 mL) was kept at 160 °C for 48 h. It was then cooled 
to room temperature and a methanolic solution of ammonium hexafluorophosphate (30 
mg) was added. The formed precipitate was filtered and washed with water and ether. 
The black powder was dissolved in acetonitrile and passed through a silica column to 
give 25 mg of [Os(tpy)(tpy-Ada)] [FF6] 2 with some aromatic impurity according to the 
NMR spectrum. 
ES MS (MeOH): m/z937  {M-[PF6]} t , 1103 [M+Na] 
1 H-NMR (300 MHz, CD3CN): Sin ppm 8.84 (s, 2H, H-3'), 8.71 (d,J = 8.4 Hz, 2H, H 4,- 
3'), 8.53 (d,J = 7.6 Hz, 2H, H-3), 8.44 (d,J = 8.0 Hz, 2H, H-3), 7.85 (t,J = 8.4 Hz, IH, 
7.75 (dd,J = 8.0 Hz, 7.6 Hz, H, PY 4, H-4), 7.20 (d,J = 5.1 Hz, 2H, H-6), 7.17 (d, 
J = 5.1 Hz, 2H, H-6), 7.05 (m, 4H, 	H-5), 2.39— 1.93 (m, ISH, H-adamantyl). 
UV/Vis (CH 3CN): 	in urn 234, 272, 314, 480, 660. 
Luminescence Analysis : k,. in nm 715. 
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2.4 Luminescence Studies for Electron or Energy Transfer Studies 
2.4.1 [Ru(ttp)(ttp- (3-CD)] [PF6] 2 based systems 
The quinone guests examined in this study were commercially available (AQS = 
anthraquinone-2-sulfonic acid, AQC = anthraquinone-2-carboxylic acid, BQ = 1,4-
benzoquinone) and recrystallized prior to use. The quinone quenching experiments were 
performed in buffered solutions (BDH 50 mM phosphate buffer, pH = 7). Stock 
solutions of the quinones were prepared in the buffer (AQS and BQ) or acetonitrile 
(AQC). Microliter quantities of the quinone stock solution were added to 2 rnL of a 
[Ru(ttp)(ttp-f3-CD)] [PP 6] 2 (2.83 x 10 NI) solution. Guest concentrations ranged from 
1.11 x 10 to 4.17 x 10 3 M for AQS, from 3.91 x 10 to 1.47 x iO M for AQC and from 
6.13 x io to 2.64 x 102  M for BQ. Corrections of the dilution effects were performed 
where necessary. The area of the ruthenium emission signal was integrated upon each 
addition of the guest. The control experiments were performed in acetonitrile under the 
same conditions using [Ru(ttp) 2] [PF6] 2 as a model ruthenium compound without a 
recognition site in place of the ruthenium-cyclodexirin. 
Transient absorption spectroscopy experiments with AQC as a guest were 
performed in similar conditions as the steady state emission experiments ([Ru(ttp)(ttp- I-
CD][PF6]J= 1.26 x 10-'M [AQSJ ranging from 7.18 x iO to 2.86 x 10M). 
In the case of the osmium metallo-guest the experiments were performed in 
aqueous solution with 10%  CH3CN as optimum conditions for binding and solubility. In 
the steady-state luminescence experiments, excess of [Ru(ttp)(ttp- (3-CD)] [PFJ 2 was used 
(ranged from 9.1 x 10.6  to 3.03 x 10-' M) to a solution of [Os"(biptpy)(tpy)][PF 6] 2 (2.6 x 
10 6  M). The area of the osmium emission signal was integrated, after excitation at 490 
nm and 662 nm. For each excess of the host, an isoabsorptive solution of 
[Os"(biptpy)(tpy)][PF 6] 2 was prepared (from 1.16 x iO to 4.25 x 10 -'M) and the osmium 
emission signal was integrated. The different integrations were compared, by calculating 
the ratios I ° / 1490 and 1662 / I662 ,0 . In the time-resolved experiments excess of 
[Os"(biptpy)(tpy)][PF 6] 2 was added (2.35 x iO M) to [Ru(ttp)(ttp- (3-CD)][PF 6] 2 at a 
concentration of 3.15 x 10 M. The Os(III) complex was generated in situ by addition of 
an equimolar amount of (NH 4) 4Ce(504)4 in 6 o,/  HNO3 to the solution used in the 
aforementioned study following a procedure described previously. 17 
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The steady state Ru(II) /Os(III) experiments were performed under same 
conditions. To a solution of [Ru(ttp)(ttp- {3CD)][PFj 2 (1.63 x 10 M), a three times 
excess of [Os"(biptpy)(tpy)[PF (] 2 (4.19 x 10 M) was added, followed by addition of 1.5 
mol equivalents of (NH 4Ce(SO 4) 4. The solutions were filtered through Millipore to 
avoid solubility problems. 
2.4.2 [Ru(mbpy-f-CD) 3 [PF6] 2 based systems 
Quenching experiments employing [Ru(mbpy-13-CD) 3] 2 as metallo-cyclodextrin were 
carded out in analogy to the ruthenium terpyridine cyclodextrin systems. AQS was 
recrystallized prior to use and experiments were performed in buffeted solutions (BDH 
50 niM phosphate buffer, pH = 7). A concentrated stock solutions of AQS in the buffer 
was prepared and microliter quantities (1.0*105  M' to 6.1 *10-4  M') added to 2 mL of a 
7.46* 10-6  M 1 [Ru(mbpy-f3-CD) 3][PF6] 2 solution. Corrections for bimolecular processes 
were performed with a solution of [Ru(mbpy) 3] [PF6] 2 at the same concentration and the 
same excess concentrations of AQS. Both complexes were excited at 460 nm and the 
luminescence signal with its maximum at 620 nm was monitored. The area of the 
ruthenium emission signal was integrated from 505 to 790 nm in both experiments upon 
each addition of the guest and a correction factor, obtained from the control experiment 
with [Ru(mbpy) 3}ftFJ 2 and calculated in percentage, was added to the values obtained 
for the quenching of [Ru(mbpyj3-CD) 3] [PF6] 2 emission. 
Lifetime measurements were carried out on an Infinity Laser. A lifetime of [Ru(mbpy-13-
CD) 3][PF6] 2 in a degassed buffered aqueous solution of 640 ns was observed. For the 
AQS quenching experiments, a degassed buffered solution of [Ru(mbpy-[3-CD) 3][PFJ 2 
was excited at 460 rim and the emission monitored at 620 nm with an initial delay of 
282545 ns, 40 increments and 40 frames. The concentration of [Ru(mbpy-[3-CD) 3][PFJ 2 
was 1.3*10-5  M 1 and AQS was added in 10 and 60 times excess to give a shortening from 
640 ns to 487 ns and 113 ns respectively. Quenching experiments with metallo guests 
were performed with the same set up, but in degassed IO°/o acetonitrile aqueous 
solutions. To a solution of [Ru(mbpy-13-CD) 3][PFJ 2  (2.69*105 M 1), 
[Ir(biptpy)(tpy)I[N0 31 31  [Fe(biptpy)PF6] 2  and [Os(biptpy)(tpy)}[PF 5] 2 were added to 
obtain a 1:1 ratio for the iridium and iron complex and a 7 time excess in the osmium 




2.5 Binding Studies of Guest Inclusion in the Cyclodextrin 
The assembly of the guests in the cyclodextrins was independently examined by 
monitoring the intrinsic luminescence properties of the guests. Permethylated 3-
cyclodextrin was used as a model compound with no interfering UV-Vis absorption 
bands for the study of guest inclusion properties. Luminescence properties of the guest 
molecules change upon inclusion in the cyclodextrin cavity due to a more non-polar and 
sterically restricted environment. A 70 W Xe lamp was employed for the excitation of 
quinones to avoid their decomposition under long UV exposure and X = 340 rim was 
chosen as excitation wavelength. The binding studies were performed in buffer solutions 
as the ruthenium-quenching experiments. Microliter quantities of a concentrated solution 
of cyclodextrin were added to the respective quinone solution ([AQS] = 1.02 x iO M 
and [AQC] = 1.72 x io M). Excess of the cyclodextrin was attained in each case: 7 to 
100 limes excess (7.07 x io M to 1.06 x 10 M) in AQS case, and 7 to 77 times excess 
in AQC solution (1.28 x 10 M to 1.32 x 102  K. Following each addition the solution 
was left stirring for 8 nun to ensure equilibration. The data of the emission signal were 
obtained by integration of the signal in the area of 360 - 752 urn and interpreted by non 
linear least square fitting methods to yield binding constant values, I, for a 1:1 
equilibrium between the host and the guest molecule. We estimated a binding constant of 
860 ± 200 Wand 1100 ± 100 M 1 for the inclusion of AQC and AQS, respectively, in 
permethylated 13-cyclodextrin. BQ binding was not examined by this method due to the 
instability of the compound under LTV excitation. However, a binding constant of 
around 100 M" for BQ binding can be calculated from the quenching experiments of the 
ruthenium-cyclodextrins. Excess of the quinones was used in the quenching experiments 
of the ruthenium-cyclodextrin luminescence to ensure that most of the guest is bound (in 
saturation conditions 85 % for AQS and 77 % for AQC). 
The binding of metalloguests was estimated by inclusion studies of biptpy in 
permethylated 3-cyclodextrin. The binding constant was obtained by measuring changes 
of the absorption intensity of biptpy in the LV upon inclusion in the cyclodextrin cavity 
using a Shimadzu TJV-3I0IPC UV-Vis-NIR scanning spectrometer at "medium speed". 
To a saturated solution of biptpy (6.78 x iO M, A 298 nm = 0.62 ) in 10 % 
acetonitrile/water, a solution of permethylated 3-cyclodextrin was added in microliter 
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quantities (8.26 x iO M to 1.93 x 10 M). A decrease in the absorption intensity at 299 
nm was observed and the values interpreted by non-linear least square fitting. An 
association constant of 2 x io ± I x 103 M 1 has been estimated. 
The inclusion of [Zn(biptpy) 2][PF6
]
2 and [Cd(biptpy) 2][3F4] 2 in permethylated 3-
cyclodextrin was studied by luminescence spectroscopy. Experiments were carried out in 
a 10% acetonitrile water solution to avoid precipitation of the compounds. 
[Zn(biptpy)J[PF6] 2 was excited at 375 nm, [Cd(biptpy)[BF 42 at 355 nm and the 
decrease of the emission centred at 460 rim for both compounds was monitored. 
Permethylated (3-cyclodextrin concentrations ranged from 6.3*10-5  M to 5.7*10-3  M and 
from 6.3*10-3  M to 1.5*10-3  M for the cadmium and zinc complex respectively. The 
concentration of the guest molecule was kept constant at [Cd(biptpy) 2j[3F4] 2  = 1.6*10-5 
Mand [Zn(biptpy)2}[PF6]2 = 7 . 6*10 6  M. In both cases, integrals were taken from 390 to 
700 nm. Values were fitted to a linearised quadratic equation and a 1:2 binding constant 
of 3.0*107  M 1 for the inclusion of [Cd(biptpy) 2j[BF4
]
2 and 3.7*107  M 1 for 
[Zn(biptpy)ffiPF) 6] 2 in cyclodextrins was obtained. 
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2.6 Mathematical treatment 
2.6.1 1:1 Binding 
For a 1:1 binding of the guest in the cyclodextrin K a after a certain addition of 
cyclodextrin can be expressed by the equation: 
X 
K = ([U] - x)([CD] - x) 
K0 
X 2




—([CD] + [G] + -) + 
1 
K. - ([GD] + [U] + I)2_ 4[G][CD]) 
.  
K. 
x stands for the concentration of the inclusion complex [CDG] and it can be related 
to the observed changes by 
obs 
= [G]0 - [GCD]8 
C 
 + [GCD] 
8GCD 
[ ']0 	 [G]0 
8G is the observed (spectroscopic) value for the guest alone and 8GCD  the one for the 
inclusion complex. 
The maximal change that can be observed is taken from the value where the changes 
to the previous reading point are insignificant and maximal complexation is obtained. 
ASm is therefore 
ASjç = 6GCD - 
which gives then for S obs 
8 	
[GCD]




[GCD] can be substituted with former results for x. The final equation is then 
+ - 
1 
 ) + M = SObS 	
= 	x{([CD]+[G] 	 —4[CD][G]} 
2[G] 0 	 K 	 K a 
The KaleidaGraph program was used to fit the data and therefore the formula had to 
be take into the program specific syntax 
y = ml /(2tm2)*((mO+m2+1  /m3)-((mO+m2+ I /m3)" 24*m2*mO)'(l /2)); 
where mO = [CD], ml = Aöm , < , m2 = [G], m3 = Ka  and  = AT. 
Starting values for ml, m2 and m3 are initially set and then refined after iterations. 
2.6.2 2:1 binding 
For a 2:1 cyclodextrin to guest complexation, evaluation of a binding constant is 
more complicated. We have assumed, that the binding of a first molecule of cyclodextrin 
to the guest does not influence the association of the second one. In other words we 
believe that K, values for the equilibria of CD + G 	GCD and GCD + G 
GCD2 are identical. This is reasonable considering the distance of the two binding units 
in the compound. The overall equilibrium is then 
2 CD + G - GCD 2 
- [GCD2 ] 
Ka2 - [
GI[CD] 2 




K2 = ([G]x)([CD]-2x)2 
which is then solved to 
- 4K 02 x 3 + (4K 2 [CD] + 4K 2 [G])x 2 - (K02 [CD]2 + 4K 2 [CD][G] + Ox + KQ2 [D]2 [G] =O 
This is a cubic equation and can therefore not be solved in the usual way. We 





- 4K 2 A1 3 [G]3 + 4Ka1M2[G]2[CD] + 	- K2AI[G][CD]2 - 4K,M[G]'[CD] - [G] + K 2 [G][CD)2 = 0 
M. 41 2 	Mnia 	 M=aa  
After multiplication with AS maX 2 the equation was rearranged and solved as a 
quadratic formula of [CD]. 
(K aAI[G]A8 +K ,[G]á8 i)[CDJZ +(4K ,Al 2 [G] 4Ka2AI[G] 	
J[G] 4K
a41 2 [GI' #Ai[G] A,5_)=0 
Again, in the Kaleidagraph syntax the formula is converted to 
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(m3mOml m2m3m2ml*y2 (4*m3mo2m22 4*m3n zmoml)*y(4*m3moa3ml * 
4*m3m23m02 - mOm2ml) = 0 
with mO A1, ml = A8 3y, m2 = [GI, m3 = K andy = [CD]. 
Insertion in the quadratic formula with 
A (m3*mO*m2*ml m3*m2*m1 "2) 
B(4*m3*m02*m224*m22*mO*ml *m3) 
gives the rather complicated looking equation 
Yiz ((4*m3*m0'2*m2'2+4*m2t'2*m0*m1 *m3) + ((4*m3*mO2*m2?2 
4*m2t'2*mO*ml *m3)2+4*( 
m3*mO*m2*ml +m3*m2*ml 
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3. RESULTS AND DISCUSSION 
3.1 METALLOCYCLODEXTRJNS: 
BUILDING BLOCKS IN NON-COVALENT ASSEMBLIES OF PHOTOACT1VE 
UNITS FOR THE STUDY OF PHOTOINDUCED INTERCOMPONENT PROCESSES 
3.1.1 Introduction 
The need for a fundamental understanding of photoinduced processes occurring in 
nature has brought forth several studies involving molecular systems where the structural 
organisation of photoactive units is dominated by non-covalent interactions."' From a 
materials perspective, efficient light induced charge separation, as observed in natural 
systems, is an attractive function to generate artificial systems for the development of 
photo- or opto-electronic devices. 3 '" 
Our interest in photo-induced charge transfer in supramolecular systems and the 
employment of new metallo-cyclodextrin assemblies led us to the design of 
functionalised cyclodextrins. We are interested in employing cyclodextrins as receptors 
that bind guests mainly via hydrophobic interactions.' Our approach involves attachment 
of a photoactive metal to the cyclodextrin rim and assembly of another photoactive unit 
in close proximity via the cyclodextrin cavity to target the study of photoinduced 
processes between units non-covalenfly assembled in water. Functionalization of 
cyclodextrins with ligand units to attach metal centers has been widely employed, mainly 
for the study of enzyme mimic systems."' Europium and terbium luminescent 
cyclodextrins have been developed for sensing aromatic hydrocarbons based on an 
intramolecular energy transfer through the cyclodextrin cavity.S9  Ruthenium 
functionalized calixarenes have also been employed in sensing schemes.' ° A porphyrin-
modified cyclodextrin has been recently reported as an electron donor sensitised by a 
ruthenium complex in a non-covalent system designed for photoinduced electron 
transfer." Although the syntheses of some cyclodextrins derivatized with ruthenium and 
rhenium bipyridine complexes had been reported,' 213 these systems had not been further 
developed until a recent report that introduced them as sensors for the detection of 
steroids.' 4 
We have developed several metallo-cyclodextrins based on transition metal 
photoactive units.' 5" 6 Preliminary results of one of the ruthenium-cyclodextrins showed 
quenching of luminescence of the appended ruthenium centre upon binding of a redox- 
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active guest. In this chapter, the full characterisation of a terpyridine functionalized 
cyclodextrin and its ruthenium-cyclodextrin complexes as well as the photophysical 
studies of these metallo-cyclodextrins with organic and metallo-guests is reported. The 
influence of three different quinones on the quenching of the ruthenium centred 
luminescence was studied. Quenching is attributed to an intercomponent electron 
transfer process between the appended metal centre and the guest included in the cavity. 
To extend our approach to communication of metal centres, an osmium guest with a 
hydrophobic tail was designed that can act as an energy (Os") as well as an electron 
acceptor (Os"). Photoinduced electron transfer between the ruthenium(II) and 
osmium(II1) photoactive centres assembled by the cyclodextrin cavity is demonstrated by 
time resolved spectroscopy. 
3.1.2 Syntheses 
3.1.2a Ligand syntheses 
We employed mono-6-polypyridine permethylated -cyclodextrins as suitable 
candidates for selective attachment of metal binding units to a receptor unit. Among 
several possible types of functionalisation, monomodified cyclodextrins have been 
particularly interesting as synthetic building blocks. There are known synthetic routes for 
unsymmetrical substitution of the glucose protons on a cyclodextrin that enabled 
selective monofunctionalising on the 6-position of just one of the seven glucose units of 
the oligosaccharide.' 715 These monomodifications can be easily obtained by reaction of 
the hydroxyl group with an electrophile. The large number of hydroxyl groups at three 
different positions complicate further reactions and therefore all but one of them have to 
be substituted with a suitable protecting group, e.g. methoxy groups. Working with 
permethylated cyclodextrins also gives the advantage of solvent versatility that was 
important for the characterisation of cyclodextrin substituted polypyridines and their 
metal complexes; they can be identified by common methods and all reported 
compounds have been characterised by 'H NMR, IJV/Vis and emission spectroscopy 
and mass spectrometry. Crystallisation of the products is very difficult and no suitable 
crystals for x-ray structure analyses could be obtained yet. 
Scheme 3.1.1 shows the outline of the synthetic procedure for the attachment of the 
terpyridine unit to the sugar unit. Among the linkages that are available for the 
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attachment of functional groups to cyclodextrins, an ether bond is most desirable due to 
its minor susceptibility to degradation by oxidation or hydrolysis. For the ether bond 
formation Decheneaux's procedure" for the preparation of a bipyridine substituted 
cyclodextrin was followed. The alcoholate, which was formed by addition of sodium 
hydride to a solution of 6-monohydroxy permethylated 3-cyclodextrin (7), reacts as a 
nucleophile in an S N2 reaction and substitutes the terpyridine bromide, which is a good 
leaving group. The compounds were purified by column chromatography and f3 -CD-ttp 








6-Monohydroxy permethylated 3 -cyclodextrin (7) has previously been synthesised in a 
one pot reaction by Chen and Bradshaw 19 as outlined in Scheme 3.1.2. The procedure 
involves selective substitution at the primary side of the cyclodextrin, which can be 
achieved due to the higher nucleophility of the 6-position alcohols than those on the 2-
and 3-positions. Just one primary alcohol functional group per cyclodextrin is required 
for the attachment of the terpyridine unit and initially needs to be protected while all the 
remaining hydroxy-groups are methylated. A weak base, such as imidazole, deprotonates 
the alcohol groups and one molequivalent of a relatively unreactive silyl protecting group, 
such as tert-butyldimethylsilyl chloride, can be selectively attached to one hydroxyl group 
at the 6-posiition. Tanaka, Kawaguchy and Shono 2° have investigated the selective 
protection of one primary cyclodextrin alcohol with the bulky trityl group but the 
consequent deprotection under acidic conditions can be detrimental to the cyclodextrin. 
3. RESULTS AND DISCUSSION 
This disadvantage is overcome by the usage of the silyl group, which can be taken off 
with a fluoride salt under neutral conditions. Chen and Bradshaw" report the use of a 
slight excess of the silyl chloride over cyclodextrin for the best results for 
monosubstitution. We found that this excess is necessary if the solvents and the 
cyclodextrin are not dry enough. A larger dihydroxy- to monohydroxy- cyclodextrin ratio 
was found by using the exactly same amount of silyl chloride as reported but thoroughly 
drying of the reactants and solvents. 
According to above given literature for the one-pot syntheses, products from the first 
step do not have to be separated, but the mixture can be used for the following 
methylation step. Sodium hydride is used as strong base to deprotonate all unprotected 
alcohols that are consequently methylated with methyl iodide. After this step, the 
reaction is worked up to destroy the excess of sodium hydride and methyl iodide. Finally, 
the silyl protecting group is removed using ammonium fluoride and the product (7) is 










Recently, a very elegant method for the synthesis of 6-monohydroxy perbenzylated 3-
cyclodextrin (8) with high yields has been reported. 21 The first step involves a per-
benzylation of the f3-cyclodextrin using the method of Sato et al? 2 This is then followed 
by a regioselective deprotection with DIBA1H. Using different amounts of the reducing 
agent, either the mono-debenzylated product or the AID diol were obtained in 60 % and 
27 % yield respectively. We are considering this procedure as an alternative pathway for a 
monoflinctiolanised cyclodextrin and have started this synthetic route. 
The synthesis of 4'-(p-(bromomethyl)phenyl)-2,2':6',2"-terpyridine (6) 25 is shown in 
Scheme 3.2.3. It involves the condensation of 1-(1'-pyridyl)-3-(4"-methylphenyl)-2-propen-
1-one (1) with N-{l-(2'-pyridyl)-1-oxo-2ethyl}pyridinium iodide (PPI) (3) followed by a 
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bromination step. 1-(1'-pyridyl)-3-(4"-methylphenyl)-2-propen-1-one (1) is obtained from 
an aldol type reaction from 2-acetylpyridine and p-tolylaldehyde. PPI (3) was prepared 
following the method given by Kroehnke 24 in 1976. The condensation of 1-(1'-pyridyl)-3-
(4"-methylphenyl)-2-propen-1-one (1) and PPI relies on a Kroehnke type synthesis. The 
following bromination is a thermal introduced radical reaction. The peroxide bond of the 
starter molecule, namely dibenzoylperoxide, is homolytically broken and gives, after 
splitting off two molecules of CO, two phenyl radicals. These attack the tolylterpyridine 
which then is brominated by N-bromosuccinimide (NBS). Cd 4 was found to be the best 
solvent for this reaction even despite its known toxicity. Only the monobrominated 
product was obtained. 
Scheme 3.1.3 
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3.1.2 b Ruthenium terpyridine complex formation 
Ruthenium complexes of the cyclodextrin substituted terpyridine ligand were synthesised 
following ruthenium chemistry routes as shown in Scheme 3.1.4. z' Terpyridines are 
tridentate ligands and the maximal two ligands around a six coordinating metal centre, 
such as ruthenium, occupy two principal planes in the octahedral configuration. In the 
first step the mono •terpyridine substituted ruthenium chlorides were synthesised; 
Ru(ttp)C13 and Ru(tpy)C13 are known compounds and their syntheses is described in 
earlier literature. 3 Ru(13-CD-ttp)C13 (20) is an new compound but was prepared in a 
similar way. Unlike Ru(ttp)C1 3 or Ru(tpy)C13, Ru([3-CD-ttp)C13 (20) is very soluble in 
alcoholic solutions and does not precipitate from the reaction mixture but has to be 
isolated by extraction with an organic solvent. The yield of the reaction is very similar 
and the product was obtained as dark brown paramagnetic solid. 
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In the second step the appropriate ruthenium chloride was reacted with the 13-CD-ttp (9) 
ligand and N-ethylmorpholine as a mild reducing agent. Again, the salts were very soluble 
in ethanol and did not precipitate but were isolated by extraction and purified by size 
exclusion chromatography. [Ru(ttp) (J3 -CD-tip)] [PF 6] 2 (21), [Ru(tpy) (J3-CD-ttp)j [PF 6] 2 (22), 
and [Ru(-CD-ttp) 2] [PFJ 2 (23) were obtained in good yields as red solids and, for metallo 
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NMR spectroscopy was used as the main technique to confirm the structure and 
purity of the ligand and its ruthenium complexes. One-dimensional 1 H and 2D COSY 
and TOCSY experiments were performed in CDCI 3 , which was reported to be a suitable 
solvent to obtain best signal dispersion in the aromatic and the aliphatic regions." The 
protons on the glucose units are indicated as HG,U  in the assignments. 
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3.1.3.a J%-CD—ttp 
The ID 1 H NMR spectrum of the ligand (3-CD--ttp (9) shows the glucose resonances 
in the low frequency and characteristic aromatic tolyl-terpyridine signals in the high 
frequency part (Figure 3.1.1). 
Integration of signal intensities of the two regions gives a 1:1 signal ratio confirming 
monosubstitution of the cyclodextrin by the ligand unit. The methylene protons of the 
ttp moiety appear at 4.7 and 4.6 ppm. The original singlet of the methylene in ttpCH 2Br 
(7) is split into a doublet of doublets due to the chiral nature of the substituted 13-CD--ttp 
(9) and shifted to higher frequency compared to the starting material, confirming the 
replacement of the bromide with the newly formed ether bond. The shifts obtained for 
the aromatic region of 3-CD—up (9) are very similar to those of ttp (4), as anticipated. 
The H-3' protons of the central pyridine ring appear as a singlet at a lower field, close to 
a doublet for the H-6 protons. The peak of the H-6 protons shows cross peaks to the 
multiplets at 7.4 ppm and 7.9 ppm in COSY and TOCSY experiments, which were 
identified as protons on the H-S and H-4 positions, respectively. A further cross peak 
with the doublet at 8.7 ppm is assigned to the H3 position The doublets of ortho and 
meta protons of the tolyl ring at 7.5 ppm and 7.8 ppm respectively, just show coupling to 
each other and were identified by their chemical shifts. 
Cyclodextrin resonances of -CD—ttp appear in between 5.2 and 3.1 ppm. The seven 
anomeric protons are very distinctive and were found in the region of 5.1 ppm. They 
consist of a set of seven doublets, with the doublet at the highest frequency assigned to 
the substituted glucose unit. Starting from the anomeric protons, one can assign 
sequentially the protons in a given sugar from COSY and TOCSY experiments. H-2 
signals were found in the region at 3.2 ppm, H-3 at 3.5 ppm and those of H-4,5 and 6 in 
the region from 3.6 to 3.9 ppm. The methoxy groups are shown at 3.1, 3.5 and 3.6 ppm 
for the 6-, 2- and 3- methoxy groups respectively in agreement with previous reports .16 
Of special interest is the doublet of doublets at 4.0 ppm, which belongs to one of the 
two diastereotopic H-6 protons of the substituted glucose ring. A selected pulse on 
that resonance in a 1D TOCSY experiment reveals the protons of the substituted glucose 
ring and can be easily assigned as shown in Fzgrnv 3.1.2. 
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Figure 3.1.1a: The 600 MHz 'H spectrum of fl-CD-tip (9) in CDC], [Stephan 
Weidner]. 
9 
Figure 3.1.1b. The 300 MHz 'H spectrum of/3-CD-ttp (9) in CD 3CN. 
... ttp 
HO 
2 	 H 	
6 	6' 4 	3 	2 (3.5) 	 O I (11.0, (11.0, (8.9, (9.3, (9.3, 
4.0) 	1.71 9.5) 	8.9) 	 3.5) 
5.2 	5.0 	4.8 	4.6 	4.4 	4.2 	114.0 	3.8 	41 .6 	- 3.4' 	I 	3.2 
Figure 3.1.2: The 600 MHz JD 'H TOCSY spectrum of/i-CD-up (9) in CDC1 J. 
The region of the glucose protons is only shown; selective excitation of an H-6 
proton reveals the rest of the protons of the substituted glucose ring. A('*) 
indicates ethyl acetate presence in the sample, coupling constant are given in 
brackets. 
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The diastereotopic H-6, 6' show an 11 Hz coupling between them and two different 
couplings to H-5, 4.0 and 1.7 Hz respectively. The coupling constant of 4 Hz indicates 
an angle between H-6 and H-S proton close to 90°. The rest of the proton coupling 
constants agree with pattern commonly found for axial/equatorial positions in glucose 
rings. This suggests that the substitution has not altered the conformation of the glucose 
ring. Peaks marked with (*) result from an ethyl acetate impurity in the sample. 
3.1.3.b [Ru(I3-CD-ttp) 2] 2 , [Ru(up)(..CD-.up)J 2 and [Ru(tpy)(-CD-ttp)] 2 
The 1H NMR spectra of jRu-CD-ttp) 2j 2 (23), [Ru(ttp)(3-CD--ttp)1 2 (21) and 
[Ru(tpy)(-CD-ttp)] 2 (22) complexes can be described as the sum spectra of 
[Ru(ttp) 2] 2 /[Ru(tpy) 2] 2 and [Ru(-CD-ttp) 2] 2 . [Ru(l3-CD-ttp) 2] 2 (23) is a highly 
symmetric compound and shows a simple 1 H pattern for the aromatics and the 
cyclodextrin protons. Its spectrum is discussed in a later chapter and the aromatic part of 
it is shown in Figure 3.1.4 for comparison to the other ruthenium cyclodextrins. The 





Table 3. 1. 1 gives a summary of the terpyridine based and the anomeric proton resonances 
of the ligand and the three ruthenium complexes. As expected only minor changes in the 
chemical shift values and the coupling constants due to cyclodextrin substitution are 
observable. 
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[Ru(ttp)(3-CD—ttp) 2 (21) 
The 600 MHz 1 H NMR of [Ru(ttp)(I3-CD—ttp)] 2 (21) reveals several shifts in 
comparison to the free ligand [3-CD—ttp (9) (Figure 3.1.3). In the aromatic part, a 
remarkable upfield shift of the 6-protons (-1.1 ppm) due to ruthenium complexation was 
observed. The rest of the shifts are consisted with those observed in previous studies for 
complexation of terpyridine ligands with metal centres. The unsymmetrical substitution 
leads to another set of tolylterpyridine signals in the aromatic region of the spectrum of 
Ru(ttp)(I3-CD—ttp)] 2 (21) compared to the [Ru(-CD—ttp)J 2 (23) spectrum, which 
agrees with literature values of [Ru(ttp)2]2*.  The doublet at 8.10 ppm has a coupling 
constant of 8.12 Hz which can be re-found in the doublet at 7.64 ppm and is identical to 
the [Ru(l3-CD—ttp) 2]2 (23) resonances. The doublets at 8.00 and 7.40 ppm with a 
coupling constant of 8.0 Hz therefore belong to the m and o-phenyl protons of the 
unsubstituted tolylterpyridine. This also agrees with the findings of COSY and TOCSY 
experiments were a cross peaks between the doublets at 8.00 and 7.40 ppm, and those at 
8.10 ppm and 7.64 ppm can be observed confirming their connectivity. The rest of the 
aromatic resonances are easily assigned according to COSY and TOCSY (see appendix). 
In the aliphatic part, the two diastereotopic benzyl methylene protons are shifted 
downfield with a slightly higher coupling constant. Cyclodextrin resonances are found 
between 5.2 and 3.2 ppm. The anomeric protons around 5.1 ppm were dispersed in a 
1:1:3:1:1 ratio with the doublet of the substituted unit coming at lowest field. No changes 
of their coupling constant were observed upon metal complexation. The separated 
diastereotopic H61 -6 in the substituted glucose unit appear at lower frequency than the 
free ligand with a smaller coupling constant to H1-5.  For the rest of the cyclodextrin 
resonances, which appear between 3.9 and 3.2 ppm, only minor shifts compared to the 
free ligand were found. 
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Figure 3.1.3: The 600 MHz 'H NMR spectrum of (a) 8-CD—up (9) and 
(b)[Ru(ttp)('/i-CD—up)f" (21) in CDC,. Assignments of some protons are 
indicated. 
[Ru(tpy)(13-CD—ttp)] 2+ 
The aromatic part of the 600 MHz 1 H spectrum of [Ru(tpy)(3-CD—ttp)] 2 (22) is shown 
in Figure 3.1.4c. A set of peaks for each ligand is found and protons are assigned as 
indicated. Signals marked with (*) arise from a solvent impurity. 
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2-2 	 8.0 	 7.8 	 7.6 	 7.4 
Figure 3.1.4: The 600 MHz 'HNMR spectra of the aromatic regions of (a) [Ru(/J-
CD-ttp),f(23), (b)[Ru(ttp)(/3-CD-ttp)f (21) and (c)[Ru(tpy)(/3-CD-ttp)f (22) 
in CD C13. A (*) indicates the presence of solvents in the sample. 
Table 3.1.1: A summary of some selected 600 MHz 'H NMR chemical shift data 
and coupling constants of the new compounds in CDC,. 
3' 3 m 4 o 6 5 'GIiC' -CH-benzy1 
Ligand 8.73 8.66 7.89 7.87 7.48 8.73 7.35 5.13 4.64 
3-CD-ttp 7.9 Hz 7.3 Hz - 7.2 Hz 12.5 Hz 
[Ru(3-CD- 8.78 8.50 8.07 7.83 7.64 7.39 7.19 4.73 4.13 
ttp) 2 ]2 7.9 Hz 7.9 Hz 8.0 Hz 5.3 Hz 10.8 Hz 
[Ru(ttp) (l- 8.78 8.48 8.08 7.79 7.64 7.35 7.15 4.75,4.72 4.15 
CD-t1p)2] 2 8.0 Hz 8.12 Hz both 8.1 Hz 16.6 Hz 10.8 Hz 
ttp 8.77 both 8.00 7.40 
8.0 Hz 8.0 Hz 
[Ru (tpy) (n- 8.78 8.49 8.09 7.83 7.67 7.39 7.18 4.76, 4.15 
CD-ttp)2] 2 8.2 Hz 8.1 Hz 8.3 Hz 5.1 Hz 4.73 10.8 Hz 
tpy 8.67 7.79 7.35 18.6 Hz 
7.2 Hz 5.2 Hz 
4' tpy 7.29 
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3.1.3.c Mass Spectrometry 
Electrospray and FAB mass spectrometry have proven to be very useful techniques 
for the confirmation of metal complex formation. 27 Especially electrospray is a very soft 
ionisation technique and allows the examination of large molecules and their non-
covalent interactions with binding ligands. Ruthenium terpyridine complexes are charged 
species and can be transferred to the gas phase without destruction. 
Electrospray mass spectrometric analyses of an aqueous solution of [Ru(ttp)(-CD-
ttp)12t (21) show the [M-2PFj 2 and [M-PF 6] species as main peaks which is mit  =1080 
and m/t = 2307 respectively. Interestingly, the ruthenium cyclodextrins also pick up 
sodium molecules from the analysing system to form [M-2PF 6+Na]34 and more charged 
species. This is a common observation in electrospray spectra. 
[Ru(13-CD--ttp)C1 31 (20) and [Ru(tpy)(3-CD—ttp)][PFJ 2 (22) were measured by FAB 
mass spectrometry on a NOBA matrix showing the mass peak at mit = 1945 [M+H] 
and mit = 2216 [M-PF6] , 2071 [M-2PF6] 2 respectively. 
3.1.3.d Electrochemistry 
The redox potentials of the ruthenium cyclodextrin compounds were kindly 
measured by our collaborators in the group of Luisa de Cola at the University of 
Amsterdam. They are very similar to those of the parent compound [Ru(ttp) 2] 2 ,28 which 
indicates that cyclodextrin substitution does not influence the properties of the metal 
centre. Oxidation potentials in acetonitrile solutions (0.03 mM) were + 0.83 and + 0.86 
V vs Fc/Fc and reduction potentials, which are ligand based, are at - 1.63 and - 1.62 V 
vs Fc/Fc for [Ru(ttp)(-CD—ttp)] 2 (21) and [Ru-CD—ttp) 2t (23) respectively. 
Tetrabutylammonium hexafluorophosphate was used as electrolyte. 
3.1.3.e UV/Vis spectroscopy 
Absorption spectra of [Ru(ttp)(j33-CD—ttp)] 2 (21), [Ru(f33-CD—ttp) 2] 2 (23) and 
[Ru(tpy)(-CD—ttp)] 2 (22) complexes are shown in Figure 3.1.5. The wavelengths at the 
absorption maxima of the three cyclodextrin substituted ruthenium complexes are nearly 
identical with only differences in the molar absorption coefficients due to the varying 
second terpyridine hgand. In the UV region, ligand based transitions are dominating. The 
strong absorption bands around 285 and 310 rim are attributed to aromatic it- t 
transitions with typical high molar absorption coefficients. In the lower energy region, 
the broad 1 MLCT absorption is found around 490 nm. As expected from the 
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electrochemistry results, comparison to the parent [Ru(ttp),j 2 comp1ex indicates a minor 
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Figure 3.1.9: The UV/Vis absorption spectra of(- - - )[Ru(fl-CD—ttp) 2j[PFJ2 (23), 
(--)[Ru(ttp)(/3-CD--ttp)][PFJ2 (21), and ("9[Ru(tpy)j3-CD—ttp)][PFJ2 (22), in 10 
% acetonitriie aqueous solution. 
3.1.31 Luminescence Studies 
Excitation into the 'M]bCT bands of [Ru(ttp)(-CD—ttp)] 2 (21) and [Ru(13-CD-
trp) 24 (23) leads to red light emission centered at X = 640 nm from the 3MLCT state 
(Figure 3. 1.6) The signal is very broad and the luminescence intensity is weak due to 
deactivating low lying metal centred states, which is known for ruthenium terpyridine 
complexes. For the same reason, {Ru(tpy)3-CD—ttp)] 24 (22) does not show any 
luminescence properties and was therefore of minor interest for our purposes. 
The attachment of cyclodextrin cavities at ruthenium photoactive units permits 
photophysical studies in both aqueous and organic solvents due to the versatile solubility 
properties of the methylated cyclodextrin cavity. Although the X max  of the 3MLCT 
luminescence is not significantly shifted in comparison with .[Ru(ttp)J 2 , the 
luminescence lifetimes and quantum yield values for [Ru(ttp)([3-CD—ttp)}[PF 6j 2 (21) and 
[Ru(13-CD—ttp) 2][PF6] 2 (23) in acetonitrile are slightly higher. The luminescence quantum 
yield of the ruthenium-cyclodextrin compound [Ru(tt)(I3-CD—ttp)]2  (21) in acetonitrile 
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is CD = 4.1 x io- whereas for the parent compound it is 3.2 x 105.28  Also, the excited state 
lifetime is slightly longer: t = 1.9 ns [Ru(ttp)(3-CD—ttp)j 24 (21) versus t = 0.95 ns 
[Ru(ttp),J 2 . In a previous report of a ruthenium-cyclodextrin, a decrease in the 
luminescence lifetime was observed upon comparison with the parent compound due to 
steric constraints involving a 6-substituted bipyridine ligand. 12 In our case we can 
conclude that there is no steric hindrance to influence the luminescence properties of the 
units. However, it is interesting to note that due to the weak luminescence of the 
Ru(ttp) 22 unit, Raman bands of the solvent are observed in the luminescence spectrum at 
570 rim for acetonitrile and 590 rim for water (for ?,,, c = 490 rim) that can obscure the 
luminescence signal in some cases. 
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Figure 3.1.6: The luminescence spectra of[Ru(ttp)(/3-CD—ttp)f t (21) in CH3CN 
(dashed curve) and 1-120 (solid line) upon excitation at 490 nm. The intensities 
are not scaled. 
The transient absorption spectrum of [Ru(ttp)(13-CD-ttp)][PFJ 2 (21) in 10% 
acetontrile/water is shown in Figure 3.1.7. Clearly the spectrum is characterised by a 
relatively strong MLCT absorption and extensive ground state bleaching, around 490 am. 
Maxima for [Ru(ttp)(ttp-[3-CD)]" (21) are observed at 380, 595 and 750 (sh) rim and the 
lifetime of the excited states is ca 1.9 ns (in the presence of oxygen). A well-resolved 
spectrum of the MLCT states of this type of compound has not been reported before.29 
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Figure 3.1.7: Transient absorption spectrum of[Ru(ttp)(/3-CD—ttp)f (21) in 10 % 
acetoniz'rile aqueous solution. Conditions: Incremental time delay I ns, 500 
accumulations, 30 frames, k = 450 nm, A(% CX) = 0.4. 
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3.1.4 Application of metallocyclodextrins as receptors to study 
electron/energy transfer via non-covalent bonds 
We have employed the luminescent ruthenium cyclodextrins to study 
communication of the ruthenium centre with quinone guests and metallo-guest 
molecules included in the cyclodextrin cavity in aqueous solutions. Photoactive transition 
metal systems have been very attractive candidates as units for the construction of 
molecular devices due to their photosensitization and electrochemical properties.30 31  To 
create a long-lived charge separated state or to funnel energy over long distances, 
research has been mainly focused on two different approaches: (a) the attachment of 
organic donor and/or acceptor moieties onto ligands that coordinate to a metal center 32, 
33 23 and (b) the assembly of polymetallic donor/acceptor arrays. The latter approach has 
mainly involved the construction of covalently linked metal centres via spacer units that 
control the rigidity of the system or act as a relay communicator unit , 34'35 In such systems, 
high molecular complexity is inevitable as several features are accumulated in a single 
molecular unit. A modular, supramolecular approach introduces a larger flexibility of 
choice of photoactive units. The communication of metal centres assembled via a 
hydrogen-bonded interface , 3637 incorporated in oligonucleotides 38 or held together by a 
catenane structure has recently attracted attention. 39 It is generally accepted now, that 
hydrogen bonds are not only important for providing structural scaffolding for the donor 
and acceptor but also to play a major roll in mediating electron and energy transfer 
processes. It is still unclear, if non-covalent bonds provide better or worse electronic 
coupling pathways than the widely studied covalent connections and if back electron 
transfer can be minimise by avoiding a direct linkage. In our designed ruthenium 
cyclodextrins we have an ideal candidate to study energy or electron transfer via non-
covalent bonds. We have used quinones as organic electron acceptor molecules and a 
modified osmium terpyridine complex as metallo guest to be able to compare our results 
to their covalently linked analogues. - 
3.1.4a Quinone guest quenching 
We investigated the effect of quinones as redox active guests on the luminescence 
properties of the ruthenium cyclodextrins (Scheme 3.1.6). 
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Quinones are popular electron acceptors for photoinduced reduction processes and 
they have been involved in many examples in supramolecular assemblies .40. 41 Their 
molecular recognition properties based on hydrophobic interactions with the 
cyclodextrin cavity are well established .41 
Preliminary results in our group showed quenching of the ruthenium luminescence 
in [Ru(ttp)(ttp- 3-CD)] 2 (21) upon addition of AQC indicating an electron transfer 
process. 16 We have now carried out further studies to optinusethe conditions by using 
different quinones and therefore varying the properties of the cyclodextrin binding as 
well as the redox properties of the guest. We have chosen AQC, AQS and .BQ due to 
their suitable redox potentials and their enhanced water solubility compared to other 
quinones. The luminescence spectra of a typical quenching experiment are shown in 
Figure  3.1.8. 
The experiments were carried out in buffered aqueous solutions instead of 
water/acetothtrile to obtain better binding due to the increased ionic strength of the 
solution and also to avoid pH problems. Upon irradiation at the ruthenium 1 MLCT band 
at 490 run, the ruthenium emission intensity at 640 nm decreases with increasing 
concentration of the quinone acceptor. Addition of microliter aliquots of AQS, AQC 
and BQ to a solution of [Ru(ttp)(ttp- 13-CD)][PFJ 2 (21) leads to 40 o/  20 % and 25 % 
quenching of the ruthenium 3MLCT emission, respectively (Figure 3.1.9). 
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Figure 3.1.8: Luminescence spectra of[Ru(ttp)('/3-CD-ttp)J[i'FJ2 (21) (2.8 x 10 
5M) in a typical quinone quenching experiment in buffer (pH = 7). Addition of 2 
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Figure 3.1.9: Percentage of luminescence intensity decrease of [Ru(ttp) (/3-CD-
ttp)f (21) and [Ru(fl-CD--ttp)/" by quenching with quinones. [Ru(ttp) (/3-CD-
ttp)f (21) and AQS (0), [Ru(ttp)(fl-CD-ttp)f (21) and AQC (o), [Ru(ttp) (/3-CD-
ttp)f" (21) and BQ (inset) and [Ru(/3-CD-ttp)J (22) andAQS(4). 
82 
3. RESULTS AND DISCUSSION 
Excited state lifetimes of the quenched components could not be determined since 
the strong absorption of the quinones at the excitation wavelength used for the time 
resolved emission (X = 324 nm) results in strong interfering emission. An estimate of the 
photoinduced electron transfer rate can be obtained by using emission intensities: k,, = 
(To /I -1)!;. Correcting for the amount of uncomplexed species, results in rates of the 
electron transfer process of 5 x 10 'and 3 x 108  s' for AQS and AQC respectively. 
Control experiments using [Ru(ttp) 21[PF6] 2 and quinones under the same conditions 
show no effect on the ruthenium luminescence, excluding any bimolecular contribution 
to the quenching. The assembly of the photoactive pair via the cyclodextrin cavity is 
necessary for the quenching to be observed. In saturation conditions, 85 % for AQS and 
77 % for AQC are bound (KAQc = 860 ± 200 Mt  and KAQS 1100 ± 100 M4). The 
luminescence quenching may be attributed to an intercomponent electron transfer from 
the appended ruthenium centre to the quinone guest inside the cavity. The driving force 
for the quenching of the MLCT emission depends on the reduction potential of the 
quinone, the oxidation potential of Ru(TI)/(ITl) and the excited state energy of 
ruthenium. In our case, comparison of the quinone redox potential is satisfactory to give 
an indication of the relevant AG' since the same donor (ruthenium centre) is employed. 
The E11, of the quinones 43 are -0.74, —0.68, -0.51 V for AQC, AQS and BQ suggesting 
a higher driving force for BQ than AQS than AQC. Although estimates of the AG' 
values can be calculated by using 
AG = e[E0 - E0j - 
large errors are involved by the nature of the solvents employed and the measurement of 
redox potentials. The AQS binding is similar to AQC and the strongest quenching is 
attributed to the more favourable driving force. However, the weak binding of the BQ in 
the cyclodextrin cavity is responsible for the smaller quenching effect influencing 
distance and orientation factors. Although the quenching effect is not as pronounced as 
in the case of the ruthenium tris-bipyridine complex with an anthraquinone 45 attached at 
the back of one of the bipyridines, it is considerable effect for a non-covalent 
intercomponent interaction between the two units. When the ruthenium bis-cyclodextrin 
complex, [Ru([3-CD—ttp) 21[PF6} 2 (23), was used under similar conditions, a shallower 
slope in the quenching was observed (Fijire 3.1.9) which may be attributed to the 
presence of more cyclodextrin available inclusion sites. 
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Transient absorption spectroscopy was employed to examine the formation of 
the radical anion of the quinone as the transient species upon photoinduced electron 
transfer from [Ru(ttp)(3-CD—ttp)j 2 (21) to the quinone. The transient differential 
absorption upon nanosecond laser flash excitation at 459 nm of plain [Ru(ttp)(13-CD-
ttp)] 2 (21) and in the presence of excess AQC are shown in Fig it 3.1.10. 
The transient differential absorption spectrum of [Ru(ttp)([3.-CD--ttp)j 2 shows 
bleaching of the ground state absorption band at 490 run, in addition to new strong 
absorption bands at both higher (600 nm) and lower (400 nm) wavelengths. The broad 
band centred at 600 nm is attributed to the ttp in accordance with previous studies in 
ruthenium complexes. 46 The anthraquinone radical anion is expected to absorb at k = 
590 nm47 which falls in the same area as the absorption of ttp . Upon addition of excess 
of AQC no apparent changes were observed in the general features of the [Ru(ttp)(13-
CD—ttp)] 21 transient spectrum, besides an overall decrease of the MLCT state absorption. 
The overall decrease is in accordance with the steady state emission quenching; ca. 20 o,/ 
of the MLCT state is quenched. As an alternative method, the decay of the 600 nm band, 
which indicated the recovery of the ground state, was monitored. A decay with lifetime 
of t = 1.9 ns was measured characteristic of the ruthenium species. The spectra are 
dominated by a ttp absorption that might be due to very fast back electron transfer. A 
similar problem was observed in the case of a ruthenium complex where the 
anthraquinone unit was attached covalently to the ligand. 45 Experimental limitations with 
the excitation wavelength of the Single Photon Counting setup made it impossible to 
determine the emission lifetime decrease due to the strong emission of the quinone upon 
324 nm excitation. 
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Figure 3.1.10: Transient absorption spectra of [Ru(ttp) (/3-CD—ttp)f 71.26 x 10I$f) 
in the presence (a) and in the absence (b) of 17 equivalents ofA QS. Incremental 
thne delay is ins; 200 accumulations; 10 frames: laser energy: 1.8 mJ/pulse, A, = 
450 run. The laserpulse at 490 n is clearly visible as a negative signal 
3.1.4b Osmium metalloguest communication 
Osmium complexes are attractive candidates as energy acceptors in multimetallic 
assemblies with ruthenium-based chromophores due to their low-lying 3MLCT. 35 We 
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have designed an osmium metalloguest [Os(biptpy)(tpy)}[PF 6] 2 (31) bearing a biphenyl tail 
to bind to the cyclodextrin cavity. The compound was synthesised and characterised by 
Dr Murielle Chavarot in our group. The [Os(biptpy)(tpy)] 2 (31) shows the desired 
luminescence at room temperature with an emission band maximum at % = 730 run in 
10% CH3CN/water. 
The photo-induced communication between the two metal centres, ruthenium and 
osmium, assembled by the cyclodextrin cavity can be established either by energy transfer 
due to the lower-lying 3MLCT state of osmium or by electron transfer from the 
ruthenium excited state to an Os(11I) species. 
The energy transfer from the ruthenium-appended cyclodextrin [Ru(ttp)(f3-CD-
up)] [PF6] 2 (21) to the osmium (II) guest (31) has been examined in aqueous solutions 
using steady-state and time-resolved luminescence experiments. To demonstrate energy 
transfer from the Ru(ll) to the Os(Il) by steady-state luminescence spectroscopy, 
sensitisation of the osmium luminescence or quenching of the ruthenium emission is 
expected upon excitation to the ruthenium centre. Due to the fact that these two 
chromophores have very close 'MLCT energy levels, selectively excitation on the 
ruthenium band is not possible. Therefore, the procedure described by Barigelletti et al. 48 
using isoabsorptive solutions has been followed. In our case an excess of the [Ru(ttp)(13-
CD—ttp)] 2 (21) was required to ensure inclusion of most of the osmium-guest molecules 
(up to 63 %, IC = 2*10 4  M') inside the ruthenium-cyclodextrin cavity. Different ratios of 
[0s(biptpy)(tpy)] 2 I [Ru(tp)(I3-CD—ttp)] 2 were examined for sensitisation of the 
osmium emission. However, no sensitisation could be observed within the experimental 
error of the experiment. The decay of the ruthenium emission was also monitored by 
addition of an excess of the osmium guest. Even though a short component was 
observed when a ratio of 8:1 is employed (80 % of the guest is bound) it is only a small 
percentage of the signal (10 %) and its assignment is ambiguous due to the limitations of 
the accuracy of the experiment. The inefficiency of the energy transfer between 
terpyridine based ruthenium/osmium conjugates has been previously observed via 
saturated spacers 49 ' 5° between the two chromophore units and has been attributed to the 
short-lived luminescence of the donor and a relative small driving force. 
The non-covalent communication between the ruthenium-cyclodextrin compounds 
and an osmium metallo-guest was also studied by making use of the well known chemical 
oxidation of the 0s(I1) to Os(III) and studying the ruthenium(IT) to osmium(JTI) 
photoinduced electron transfer. The Os(III) species, generated by using cerium([V) as an 
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oxidising agent,"- 52  is a good electron acceptor that can quench the ruthenium based 
MLCT luminescence (AG' z -1.6 eV) .21 
Scheme 3.1. 7 
The lifetime of Ru(E1) (21) is quenched by the presence of 7 mol. equiv. of 0s(III) 
metalloguest. The time-resolved luminescence experiment results, Figure 3.1.11, show 
that the unquenched ruthenium has a lifetime of 1.9 ns; in presence of Os(III) 
deconvolution of the lifetime decay reveals a component of 100 ± 10 ps (80 0%,)  and 20 % 
component of 1.9 ns. The fast component is attributed to electron transfer from Ru(H) 
(21) to Os(III) giving an electron transfer rate 9.5 x io s. Whereas the addition of 
[Os(biptpy)(tpy)I[PF 6] 2 (31) or (NH 4) 4Ce(SO 4)4 does not change the luminescence lifetime 
of [Ru(ttp)(ttp-[3-CD)][PF 62 (21), its lifetime is strongly reduced in the presence of both 
components. 
We have also performed steady state experiments to obtain evidence for electron transfer 
from the rutheniuxn(11) centre (21)to osmium (III) in the cyclodextrin cavity. Fzure 3.1.12 
shows the luminescence spectrum of [Ru(ttp)(ttp-13-CD)][PF 6] 2 without and with the 
presence of the osmium (III) species To an aqueous solution of [Ru(ttp)(ttp-3-
CD)][PF 6] 2 (21), [Os(biptpy)(tpy)j[PF 6] 2 (31) was added in 3 times excess (-40 % bound). 
After addition of (NH 4) 4Ce(SO 4) 4 the colour of the solution changed immediately from 
dark brown to greenish. Osmium (Ill) terpyridine complexes do not posses an MLCT 
band at 490 rim and the ruthenium centre can be excited selectively at this wavelength. 
The luminescence spectra show a clear decrease of emission intensity of about 30 % 
which is attributed to an electron transfer from the Ru(Il) to the Os(III) metal centre. 
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Figure 3.1.11: Time-resolved emission of [Ru(ttp)(f3-CD—ttp)f (21) in 10 % 
acetonitrile/water in the absence and the presence (signal with short component) 











500 550 600 650 700 750 800 850 900 
X / nm 
Figure 3.1.12: Steady state luminescence emission of[Ru(ttp)(fl-CD—ttp)f (21) in 
10 % acetonitriie/water in the absence and the presence (signal with lower 
intensity) of3 equivalents of the[Os(biptpy)(tpy)J" metallo -guest = 490 tim). 
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3.1.5 Conclusions 
We have successfully synthesised a monofunctionalised cyclodextrin by attaching a 
terpyridine to the bottom rim of the monohydroxypermethylated -cyc1odextrin. The 
ligand was obtained in high purity and fully characterised by NMR. We also have 
appended a photoactive centre to the cavity by complex formation with a ruthenium 
centre. Our new ruthenium cyclodextrin, [Ru(ttp)(-CD—ttp)j 2 (21), shows the predicted 
luminescent properties and is a suitable candidate for electron or energy transfer 
processes. 
Photoactive ruthenium-cyclodextrins have been shown to be versatile building blocks for 
the design of supramolecular assemblies encompassing donor/acceptor units. Quenching 
of the ruthenium luminescence by quinone guests is observed indicating an 
intramolecular process via the cyclodextrin cavity, which is optimised when AQS is used 
as the electron acceptor guest. Metalloguests have also been assembled with the 
ruthenium cyclodextrins to study the communication between the metal centers. 
Electron transfer from the ruthenium(lI) center appended to the cyclodextrin to an 
osmium(Ill) metallo-guest in the cyclodextrin cavity has been observed. The photo-
induced process between the two metal centres is established via non-covalent bonds in 
aqueous solutions. 
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3.2 METAL ASSEMBLY OF CYCLODEXTRIN 
RECOGNITION SITES 
3.2.1 Introduction 
Receptors for small molecule recognition are popular building blocks in 
supramolecular design.' Artificial receptors have been developed via either multiple 
covalent bond synthesis or self-assembly principles for applications that range from 
biomedical research to the sensor field .2-1  The design of optical molecular sensors based 
on recognition events has attracted much interest for the technological development of 
molecular devices. 5 ' 6 Photoactive metal centres have been appended to calixarene 7 or 
cyclo dextrin" 'receptor molecules for sensing ion or molecule recognition events. We are 
interested in employing cyclodextrins as rigid receptors that bind photoactive guests 
leading to the spatial organisation of energy or electron donor-acceptor arrays based on 
transition metals. Cyclodextrins are particularly attractive natural host molecules, water 
soluble, with a hydrophobic rigid cavity. Formation of transition metal arrays for 
photoinduced processes have been previously developed by using covalent bond 
bridges 11-12  or hydrogen bond interfaces 13 ' 14 to bring the metal centres together in one 
array. The importance of the cyclodextrin approach is that light- induced processes can 
be observed between two photoactive units held together via non-covalent interactions 
in aqueous solutions. 15 ' 16 
The design of cyclodextrin based organised arrays requires functionalisation of the 
cyclodextrin glucose units which can be achieved by modifying and using synthetic 
routes established in carbohydrate chemistry. 17 Metal centres have been attached to both 
discrete sugar units" and functionalised cyclodextrins t9 ' 2° primarily for developing models 
for enzymatic catalysis or sensors. In order to increase the number of guest interaction 
sites in cyclodextrin recognition systems the design of molecules with more than one 
cyclodextrin binding sites is attractive. Previous methods to link more than one 
cyclodextrin have employed covalent bond multi-step synthesis using bridges such as 
bipyridines,21 ' porphyrins, 24 or organoselenium moieties; 25 such bridged bis-
cyclodextrin compounds have shown interesting catalytic properties for ditopic 
recognition of substrates. 19 In this chapter, the assembly of cyclodextrins using 
coordination principles to yield complexes with multiple cyclodextrin recognition sites 
around a central metal core is discussed. Our approach, using metal centres to assemble 
.419 
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receptors, provides metal directed spatial control of the receptors so that directional 
intramolecular energy or electron transfer processes between the central metal core and 
the guest species included in the receptor sites can take place when the metal core shows 
photciactivity. Metal centres have been previously employed to bring hydrogen bonded 
recognition sites together. 26 
We have achieved the assembly of two or three functionalised cyclodextrins around a 
metal centre depending on the coordination preference of the metal core; octahedral 
metal centres and nine-coordinate lanthanide ions are used to spatially organise 
cyclodextrins functionalised with bidentate (-CD--mbpy) (12) and tridentate units ([3 - 
CD—up) (9). Metal coordination properties allow the assembly of three cyclodextrins, 
which has not previously been investigated via covalent bond synthesis. 
3.2.2 Syntheses 
To incorporate a bidentate site on the cyclodextrin rim the monosubstituted 
cyclodextrin 2,2'-bipyridine derivative 3-CD—mbpy (12) was synthesised. 3-CD—mbpy is 
an attractive ligand due to its versatile solubility in both halogenated solvents and water, 
which is important not only in the handling and purification of the compound but also in 
the metal complex formation. 
Bipyridine functionalised cyclodextrins have been previously prepared either via 
Williamson ether synthesis at the 5- or 6-positions of the bipyridine, 2° thioether 
formation at their 5 and 5'-postion to obtain disubstituted bipyridines 19 or via 
"phosphininiine" type reactions of 5-methylatnino bipyridines. 27 We employed the 
Williamson ether synthesis (Scheme 3.2. 1) as a convenient route to link the 4,4'-dimethyl-
2,2'-bipyricline to the rim of a cyclodextrin. We chose the 4-position both to avoid steric 
crowding around the metal (a problem with the 6-substituents) and to ensure good 
electronic coupling for communication of a redox active guest with the metal in a 
photoinduced intramolecular processes. The functionalised cyclodextrin was prepared 
from the monohydroxy permethylated [3-cyclodextrin (7)2S  and 4-bromomethyl-4'methyl-
2,2'-bipyridine (11). The 4-substituted bipyridine was shown to be more reactive towards 
the ether formation under similar conditions than the analogous 6- and 5- substituted 
bipyridines. 








The bipyridine bromide (11) was prepared by modification of a procedure of 
monosilylation of the 5,5'-dimethyl-2,2'-bipyridine29' 30  followed by bromination with 
BrF2CCF2Br (Scheme 3.2.2). In the first step, a highly reactive lithium salt is formed using 
LDA as a strong base. Addition of one equivalent of the trimethylsilyl chloride gives the 
monosilylated compound (10) as main product, which is separated from the disilylatd by-
product via column chromatography. BrF 2CCF2Br is known to be a very mild 
brominating reagent and the monobrominated species (11) is formed nearly 
quantitatively. It has to be noted, that 4-bromo substituted bipyridines are less stable 
than their 5- or 6-substituted analogues and they easily decompose to the patent 4,4' - 
dimethylbipyridine compound if not stored under nitrogen. The employment of this 
synthetic route is a convenient alternative to the Kroehnke synthesis for the preparation 
of modified bipyridines. 
Scheme 3.22 
Si 	 Br / 
H3C 	 CR3 LDA H26 CR3  CsF 	H2C 	 CH 3 
tx]~_ L\\ _ 	
BrF2C-CF2Br 
bl- N N 	 N N— 	 N N- 
(10) (11) 
In an earlier attempt we tried to link a bipyridine unit over an ester bond to the 
cyclodextrin to obtain 6-mono-(5-carboxyl-2,2'-bipyridine)-permethylated j3-cyclodextrin 
(15). We therefore synthesised 5-carboxylic acid-2,2'-bipyridine (14) according to a 
literature procedure" employing 5-methyl-2,2'-bipyridine (13) and a subsequent 
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oxidation step to obtain the required acid. The acid was then activated to the acyl 
chloride to couple it to 6-monohydroxy permethylated -cyclodextrin (7) making an 
ester bond linkage. The synthesis is outlined in Scheme 3.2.3. 5-methyl-2,2'-bipyridine is 
not commercially available and was prepared following a Kroehnke synthesis, reacting 
methacrolein with PPI and ammonium acetate to give the monomethylated bipyricline 
(13) in 93% yield. 
In the literature, 5-methyl-2,2'-bipyridine is described as a white solid, but we 
obtained the compound as a colourless oil although NMR spectroscopic and 
chromatographic analyses showed no impurities. Reaction of 5-methyl-2,2'-bipyridine 
(13) with an excess of potassium permanganate in aqueous solution gave the relevant 
carboxylic acid (14). The acid was then converted to the acyl chloride with thionyl 
chloride and coupled to the 6-monohydroxy permethylated -cyclodextrin (7). 
Unfortunately, the last step, an esterification, has a very poor yield and despite our efforts 
could not be improved. 
Scheme 3.2.3 
- - 0 + H OYH NH4Ac (J—)-CH. KMnO4 
	
0 	 H 	 60% 	N N 	 N N 	0-H 
(3) (13) (14) 
t
(CH13)14 
- 	 SOCl2 	- 	- 0 	OH (0CH1k 
N N 	0-H 	 N N 	CI 	 12% 
(14) 
We also considered the bromination of 5-methyl-2,2'bipyridine (13) followed by 
a Williamson ether coupling, but reaction of 5-methyl-2,2'-bipyridine with one 
equivalent N-bromosuccinimide and ben2oylperoxide as starter for the radical 
reaction gave a mixture of a minor amount of the wanted product with unreacted 
starting material and the dibrominated methyl bipyridine; purification by 
chromatographic methods proved difficult. 
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An attempt of a conversion of 5-methyl-2,2'-bipyridine to the dibrominated 
species with an excess of brominating reagent, followed by reduction with DIBAIH 
to obtain 5-bromomethyl-2,2'-bipyricline was also not successful and was not 
followed up due to the more convenient synthesis via the silylated bipyridine. 
3.2.3 Assembly of receptors around a metal center 
3.2.3.a Bidentate ligands 
Simple addition of Fe (II) to a methanolic solution of fi-CD—mbpy (12) results in a 
deep red colour which is attributed to a complex with three cyclodextrins around the iron 
centre, [Fe(I3-CD—mbpy) 3] 2 (27) (Scheme 3.2.4). Solubility of the complex is enhanced by 
the presence of the methylated cyclodextrins and chromatographic methods have been 
more effective for the purification of the complex rather than recrystallization which was 




a = Ru" 
(OCH3)6 
[Ru(3-CD-mbpy)3][PF6]2 (26) 
[Fe(3-CD-mbpy)3][PF 2 (27) 
In the same fashion, three receptors linked to a bidentate binding unit were 
assembled employing ruthenium (H) as metal centre. Ruthenium (H) is more inert 
compared to iron (H) and complexation to form Ru(3-CD—mbpy) 3] 2t (26) requires high 
reaction temperatures. A high boiling solvent such as ethylene glycol was chosen for the 
complexation reaction. Unlike the analogue ruthenium bis-terpyridine complexes, 
described below, [Ru(3-CD—mbpy) 3][PF 2 (26) can be synthesised in a one step reaction. 
There are several published procedures for the preparation of ruthenium trisbipyridine 
complexes and we followed the "blue ruthenium" procedure recommended by Prof. 
Luisa deCola. 
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Both iron and ruthenium complexes, [Fe(13-CD—rnbpy)31[PF6]2 (27) and [Ru(-CD-
mbpy) 3][PF61 2  (26), obtained from an unsymmetrical 4-substituted bipyridine (12) can 
exist as two geometrical isomers, the facial and meridonial. The chemical shift values in 
1 F1 NMR spectroscopy are very similar, and the two isomers are difficult to distinguish. 
Wehoped that the bulky cyclodexmn-substitute directs the organisation of the ligands to 
a high percentage in one preferred configuration. A space-filling model of the facial and 
meridonial isomers obtained by energy minimizing MM2 calculations is presented in 
Scheme 3.2.5. It clearly shows the reduced crowdedness of the facial isomer, which has the 
three cyclodextrin receptors arranged in one plane and prevents the repulsion of two 
neighbouring substituents. Attempts to separate the isomers by adsorption and size 
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3.2.3b Tridentate ligands 
Three cyclodextrins can potentially be assembled around a metal by using a tridentate 
binding site attached to the cyclodextrin and a nine coordinate lanthanide, such as 
europium, (Scheme 3.2.6). We have employed the functionalised cyclodextrin -CD—ttp 
(9) as chelating building block to obtain [Eu(3-CD—ttp) 3] 34 (25). Europium (III) ions do 
not possess strong ligand field preference, adopting high coordination numbers in 
solution and they are known to form a Lids-complex with 2,2,':6,'2"-terpyridine. [Eu((3-
CD—ttp) 3][PF51 3 (25) has been isolated and characterised by NMR, UV/Vis and 





(9) 	 [Eu(P-CD-ttp)31[PF61 3 (25) 
The three receptor units assembled around a europium centre and the favourable 
luminescent properties make [Eu(-CD—ttp) 3] [PF61 3 (25) an attractive candidate for 
energy transfer studies via non covalent bonds. In aqueous solution, up to three guest 
molecules can be bound in the cavity of the three cyclodextrins, which, upon excitation, 
can transfer part of their energy to the lanthanide centre. Unfortunately though, 
europium terpyridine complexes are not stable in aqueous solutions. Addition of small 
quantities of water leads to substitution of the coordinating terpyridine unit with water 
molecules and decomposition of the complex. To avoid the problem of complex 
dissociation upon water addition we considered the oxidation of terpyridine to the tris-
N-oxo derivative, which has a superior chelating unit and should provide a higher 
stability of the complex. We attempted the synthesis of the parent tpy-oxo ligand (Scheme 
3.2.7) but only 2,2':6',2"-terpyridine-1,1"-di-N-oxide (16) was obtained. Oxidation of ttp-
CH2Br (6) with m-chloro-perbenzoic acid under similar conditions resulted in a mixture 
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3.2.3c Bis-cyclodextrin metal complexes 
When a metal with octahedral geometry is used with the tridentate functionalised 
cyclodextrin, two cyclodextrins are assembled around the metal centre. We therefore 
wanted to employ our cyclodextrin functiona1isedterpyridie (3-CD—ttp (9) and utilize it 
as a building block for the spontaneous assembly of two receptor cavities around a six 
coordinating metal. When Fe(I) is reacted with the cyclodextrin terpyridine ligand, 3-
CD—up (9), the dark purple [Fe(3-CD—ttp),J 24 (24) (Scheme 3:2.8) is obtained. The purple 
colour is due to the strong 1 MLCT absorption band, which is characteristic for his 
chelate iron terpyridine complexes and proves the formation of the compound. The 
stability constant of the parent tolylterpyridine complex [Fe(ttp),] 2 is very high (log K 1 K2 
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Likewise, a ruthenium (II) metal centre can be employed to assemble two terpyridine 
functionalised cyclodextrins. [Ru(I3-CD—ttp) 2t  (23) is synthesized in a two step reaction 
with the isolation of Ru(i-CD—ttp)Cl 3 (20) in the first step and a further reaction with a 
second equivalent of the ligand to obtain the homoleptic complex (23) in good yields. 
The synthesis of [Ru(ttp-f3-CD) 2j [PFJ 2 (23) was also attempted in a one step reaction by 
treating RuG!3 with an excess of the cyclodextrin ligand (9). The yield of the reaction was 
significantly less and the compound difficult to purify. 
3.2.4 Characterization 
3.2.4a Ligands 
Cyclodextrin substitution enhanced the solubility of the ligand and the complexes in 
halogenated solvents and enabled the identification of all compounds by NMR 
spectroscopy. In the assignments, the protons on the glucose units are indicated as 
In the 14  NMR spectrum of the 3-CD—mbpy (12) ligand, shown in Figure 3.2.1, 
bipyridine aromatic protons resonance between 8.58 and 7.09 ppm whereas peaks 
between 5.12 and 2.39 ppm are attributed to cyclodextrin based signals. The glucose 
units are non-equivalent due to the mono-substitution, which results in an overlap of 
single proton resonances, and the assignment of peaks becomes more ambiguous. 
Substitution of the bipyridine unit is confirmed by the shift of the methylene group 
from 4.43 ppm in the bromide derivative (11) to 4.66 ppm in [3 -CD—mbpy (12) and the 
splitting of the signal as an AB pattern due to the diastereotopic protons upon 
attachment to the chiral cyclodextrin. The rest of the aromatic protons appear as six 
signals with their chemical shifts and coupling constants in accordance to literature 
reports for 4,4'-unsymmetrical substituted 2, 2'-bipyridines. 
In the cyclodextrin part, the characteristic anomeric protons of the glucose units are 
non-equivalent; five of them overlap (multiplet at 5.4 ppm) while two separate doublets 
appear at 5.12 and 5.10 ppm (J = 4 Hz). The HGIU-6,6' pair of the substituted glucose of 
the cyclodextrin also becomes diastereotopic, one proton is shifted to 4.06 ppm and 
shows a cross peak in the 2D TOCSY with the other one at 3.71 ppm. Distinct from the 
cyclodextrin proton manifold are the six primary methoxy groups at 3.34, 3.32, 3.31, 
3.30, 3.28, 3.27 ppm and the HGI-2  glucose protons at 3.18-3.12 ppm. Full assignments 
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of the cyclodextrin protons also agree with previous detailed studies of permethylated 
cyclodextrins studies. 33 
II I 	I I II 	I I IL I En  H I 	I I 	II 	I I Ill LI II 	I 	flJ I 	I I] II I-I 	II II flfl 
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Figure 3.2.1: The 360 MHz 'H NMR spectrum of/3-CD—mbpy (12) in CDC],. 
A very interesting feature of the (3-CD—CObpy (15) ligand, in which the bipyridine 
unit is coupled via an ester bond to the cyclodextrin, is, that both of the cyclodextrin 
protons HGIU-ó of the substituted sugar ring are separated from the rest and appear at 
4.85 and 4.57 ppm (Fzjne 3.2.2). The proton at lower field shows a small coupling 
constant to HG,.-S, and is therefore situated in an angle close to 900  to the H01 -5 on the 
sugar ring. The two diastereotopic CH 2 protons as seen in 3-CD—mbpy (12) are not 
present hence this position was oxidised to the acid functionality. Also, the anomeric 
protons are not dispersed in a1:1:3:2 ratio but just one proton is distinctively shifted to 
lower frequencies. The proton resonance shifts of the aromatic part of f3-CD--CObpy 
(15) agree with those of the patent 5-carboxylic acid-2:2'-bipyridine (14) and assignment 
of the remaining cyclodextrin resonance is difficult due to the substantial spectral 
overlap. 
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Figure 3.2.2: Expanded region of the 600 MHz 'HNMR spectrum offl-CD—mbpy 
(12) (top) and /3-CD—CObpy (15) (bottom) in CDC], 
3.2.4b Metal complexes 
The [Fe(3-CD—mbpy) 3} [PF6] 2 (27) complex is a diamagnetic species which indicates that 
the cyclodextrin substitution does not induce any steric hindrance that is known to be 
responsible for spin crossover phenomena in iron complexes. 35 In the 1 H NMR of the 
complex (27) (Figure 3.2.3) the complexation with the 13-CD--mbpy (12) is confirmed by 
the shift of the H-6,6' protons of the bipyridine to lower frequencies. The aromatic 
proton peaks are broader than usually observed which may be due to the presence of the 
mixture of the fac and mer isomers 16  or to very small impurity of Fe(III) 37, which is 
difficult to exclude due to the high solubility of the complex. In the cyclodextrin part, 
only minor shifts due to complexation are observable. One of the anomeric cyclodextrin 
protons appears to get less deshielded upon coordination to the metal centre and is 
shifted to lower frequencies. The coupling constant of the two diastereotopic -CH 2-
protons increases and they become more distinct. The rest of the cyclodextrin 
resonances show a high degree of spectral overlap in the ligand as well as in the complex 
and changes in resonance frequencies are not observable with this technique at the given 
magnetic field. 
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F%ure 3.2.3: The 360 MHz 'H NMR spectra of/3-CD—mbpy (12) (bottom) in 
CD Cl3 and [Fe(8-CD—mbpy)J[PFJ2 (27) (top) in CD3CN 
The 1 H NMR of the [Ru(13-CD—mbpy) 31 2 (26) complex is in most features very 
similar to the iron analogue. Complexation is ascertained by the distinct expected upfield 
shift of the H-6 protons in the aromatic part. Figure 3.2.4 shows a spectrum of 
[Ru(j—CD—mbpy)3] P12 (26) in deuterated methanol. The chemical shift values of the fac 
and mer isomer in 1 H NMR spectroscopy are very similar, cannot be adequately 
distinguished and signals appear broadened due their presence. ROESY experiments 
have been carried out to detect NOE connectivities between the bipyridine or its methyl 
substituents and the cyclodextrin 1 H resonance. No cross peaks were observed in the 
spectra, which indicates that the ruthenium bipyridine complex is separated by more than 
3.5 A from the cyclodextrin cavity. 
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Figure 3.2.4: The 500 MHz 1H spectrum of[Ru(/3-CD—inbpy)3]C12 in CD/iD. 
NMR spectra for the octahedral two receptor bearing complexes are less complicated 
then the trisbipyridine coordination compounds due to the given geometry. [Ru(3-CD-
ttp)2] 24(23)  and [Fe(13-CD—ttp)21 21  (24) are highly symmetrical compounds and show just 
one set of proton resonances. A summary of the 600 MHz 1H NMR spectra of both 
complexes compared to the ligand is given in Figure 3.2.5. 
The 600 MHz 1 H NMR spectrum of [Ru(f-CD—ttp) 24  (23) (Fzun 3.2.5 middle) 
reveals several shifts in comparison to the free ligand n-CD—np. (9) (for NMR see 
Chapter 3.1) In the aromatic part, a remarkable upfield shift of the 6- protons (-1.1 ppm) 
due to ruthenium complexation is observed. The rest of the shifts are consistent with 
those observed in previous studies for complexation of terpyridine ligands with metal 
centres. In the aliphatic part, the two diastereotopic benzyl methylene protons are shifted 
downfield with a slightly higher coupling constant, indicating a conformational change 
upon metal complexation. Cyclodextrin resonances are found between 5.2 and 3.2 ppm. 
The anomeric protons around 5.1 ppm were dispersed in a 1:1:3:1:1 ratio with the 
doublet of the substituted unit coming at lowest field. No changes of the coupling 
constants were observed upon metal complexadon. The separated diastereotopic H GIU-ó 
in the substituted glucose unit appear at lower frequency than the free ligand (9) with a 
smaller coupling constant to H i -5. For the rest of the cyclodextrin resonances, which 
appear between 3.9 and 3.2 ppm, observation of small shifts is difficult due to the 
crowdedness of the resonances, but no major changes compared to the spectrum of the 
free ligand were found. 
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Figure 3.2.5: The 600 MHz 'H NMR spectra of [Fe(/3-.CD—ttp)J[PFJ 2 (24) (top), 
[Ru(f3-CD—ttp)f[PFJ2 (23) (middle) and /3-CD-tip (9) (bottom) in CDCJ J. 
[Fe(-CD—ttp)J[PFj 2 (24) was also characterised by 600 MHz 1 H NMR 
spectroscopy (Figure 3.2.5 top). The H-6 protons of the terpyridine unit show a 1.55 ppm 
shift at lower frequencies with respect of the chemical shift in the ligand spectrum 
attributed to metal coordination. 38 This is remarkably more than for the ruthenium 
complex and is attributed to the smaller size of the iron centre and the therefore closet 
binding which leads to a stronger deshielding and a significant upfield shift compared to 
the much larger ruthenium centre. The H-3' protons of the central pyridine ring along 
with the H-rn and the less influenced H-o protons undergo a modest downfield shift 
which is credited to reduced electron density at these positions due to the electron 
withdrawing character of the metal centre. The methylene protons on the benzyl ring of 
P -CD—ttp (9) are diastereotopic appearing as a doublet of doublets at 4.75 ppm where 
the methylene diasterotopic protons of the substituted glucose ring appear at 4.15 and 
3.80 ppm, the latter obscured by the rest of the cyclodextrin protons (3.15-3.90 ppm) and 
being assigned from the COSY contour plot. 
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The europium complex (25) is a paramagnetic species, and NMR studies were non-
trivial. A clear upfield shift of most of the aromatic protons upon coordination to the 
lanthanide centre is observed. The 6- position though is shifted to lower frequency and 
appears at 16.14 ppm in a CD 3CN solution. In the spectrum with low europium 
concentration (0.3 equivalents) the resonances of the complexed ligand are remarkably 
sharp for a paramagnetic species. Increasing the metal to ligand ratio leads to a 
broadening of the peaks and shift to lower frequency which is attributed to bisterpyridine 
europium complexes and coordinated water that originates from the europium source. A 
more detailed study to identify these species has not been carried out on our sample but 
has been previously reported for [Eu(tpy) 3][(C104) 3]. 39'4° Although mass spectrometric 
and luminescence analyses of [Eu(tpy) 3] 3 with various anions were identical, NMR 
spectra of the compound were of better quality when employing Eu(C10 4) 3 as lanthanide 
source. 
3.2.4c Mass spectrometry and UV/Vis spectroscopy 
Besides NMR spectroscopy, mass spectrometric analyses and UV/Vis spectroscopy 
were employed, to confirm the identification of all new coordination compounds. 
Electrospray mass spectrometry has proven to be an. important technique in the 
identification of self-assembled polymetallic systems. 4142 In our case it has been 
successfully applied in cyclodextrin systems. In Table 3.2.1 the electrospray mass 
spectrometry data of the complexes are presented. The data confirm the formulation of 
the bis- and tris- receptor substituted metallo complexes. 
Table 3.2.1 
Metal Complex 	 mit corresponding fragment 
[Fe(3 -CD—mbpy) 3] [PF6] 2 (27) 2422, {M-2[PF6] 
}Z 
1717, {M-2[PF6]-ICD1 12+ 
1010, {M-2[PF6]-2CD 1} 2 
[Ru( 	-CD—mbpy) 3] [PFJ 2 (26) 2448, (M-2[PF6] 
}2* 
1639, {M-2[PFJ+Na} 34 
[Eu(3 -CD—ttp) 31[PFJ 3 (25) 1788, {M-3[PF6]} 3 
1347, {M-3[PF6]+Na} 4 
[Fe(P -CD—ttp) 7] [PF6] 2 (24) 1765, {M-2[PFJ 
}2+ 
1184, {M-2[PF6]+Na} 3 
894, {M-2[PF6] +2Na} 4 
[Ru(j3 -CD—ttp) [PFJ 2 (23) 1788, {M-2[PF6] 
}2+ 
1199, {M-2[PF6I+Na1 3 
905. tM-2[PF]+2Na} 4 
CD 1 = [6-monohydroxy permethylated f3 -cyclodextrin - HI 
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Figure 3.2.6a shows the absorption spectra of the [Fe(-CD—mbpy) 31[PFJ 2 (27) and 
[Fe(3-CD--ttp) 2] {PF6] 2  (24) complexes. Peaks associated with it-it transitions of the 
coordinating polypyridine ligands dominate the UV regions of both complexes. In the 
high wavelength region, the 1 MLCT bands appear around 510 nm and 570 nm for [Fe(p-
CD—mbpy) 3]{PFJ 2 (27) and [Fe([3 -CD—ttp) 2][PF6], (24) respectively as very broad signal 
peaks. [Fe(3-CD—mbpy) 31[PF6] 2 (27) shows a shoulder and is blue shifted compared to 
[Fe(13 -CD—ttp)[PF 6] 2 (24). This shift is due to the lower LUMO energy of terpyridines 
compared to bipyridines. 
The same argument is concluded for the ruthenium based complexes [Ru([33-CD--
mbpy) 31 [PF612  (26) and [Ru(-CD—ttp)[PF 61 2 (23) (FsAure 3.2.6b). The 1 MLCT bands of 
the compounds are found at higher energy compared to the iron analogues and the 
maxima are situated at 430 rim and 490 tim for [Ru(-CD—mbpy) 3] [PF6] 2 (26) and [Ru(13-
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Figure 3.2.6: The UV/Vis absorption spectra 01(a) [Fe(,8-CD—mbpy)J[PF6j2 (27) 
(solid line) and [Fe(6 -CD—ttp)J[PFJ 2 (24) (dashed line) and (b) [Ru(f3-CD- 
mbpy)J[PFJ 2 (26) (solid line) and [Ru(/3 -CD—tçp) 2j[PFJ2 (23) (dashed line) in 
acetonitrile. Intensities are not scaled. 
3.2.4d Luminescence spectroscopy 
No luminescence was detected upon excitation of the 'MLCT band of either the two 
polypyridine iron cyclodextrin complexes (27) and (24). This is not surprising since both 
iron(II) bipyridine and terpyridine complexes bear low lying metal centred states that 
W. 
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provide radiadonless pathways for luminescence quenching. 43 There are no previous 
reports of luminescent iron polypyridine complexes. 
Both [Ru(13-CD—mbpy) 3] [PFJ 2 (26) and [Ru(3-CD--ttp) 2] [PF6] 2 (23) are luminescent 
at room temperature. Cyclodextrin substitution did not have a significant effect on the 
photophysical properties of the compounds and the data resemble those from the parent 
[Ru(mbpy) 3][PF6] 2 and [Ru(tt) [PF 6] 2 respectively. Cyclodextrin substitution in the case 
of [Pu(3-CD—mbpy) 3 [PF5] 2 (26) does not cause any sterical constraints which was found 
to drastically decrease the luminescence properties in a ruthenium (H) complex of a 
similar bis-cyclodextrin substituted bipyridinet According to the enhanced solubility in 
water, luminescence studies of the ruthenium cyclodextrins could be performed in 
aqueous solutions. 
Figure 3.2.7 shows the emission spectra of [Ru(3-CD--mbpy) 3]C12 (26), [Ru(bpy) 3]C12 
and [Ru(-CD—ttp) 2][PF6] 2 (23) in aqueous solution upon excitation at 436 and 490 rim 
respectively. The spectra of the two ruthenium bipyridine complexes are isoabsorptive at 
the excitation wavelength, but they are not in scale with the ruthenium terpyridine 
complex (23). The quantum yield of the [Ru([3-CD—mbpy) 3][PF6] 2 (26) ((IT) = 0.027), is 
nearly identical to the one of [Ru(bpy) 3]C12 ((D = 0.028), but a shift to the red was 
observed for the cyclodextrin substituted species. [Ru(13 -CD—ttp) 2] [PF 2 (23) possess a 
far lower quantum yield than [Ru(3-CD—mbpy) 31[PF6] 2 (26) and its lifetime is two 
magnitudes lower (2 ns for [Ru(P-CD—ttp)MPF 6] 2 and 640 ns for [Ru(13-CD-
mbpy)31[PF62 in degassed aqueous solutions). The weak luminescence of ruthenium 
terpyridine compounds at room temperature is surprising, since their absorbance is 
higher and they possess high quantum yields at low temperature. A explanation for this 
anomalous behaviour can be given by considering the intrinsic geometric limitations due 
to the relatively small ruthenium terpyridine bite angle (160 0)  leading to a weaker ligand 
field of the terpyridine. As a result, low lying ligand field states occur, which are 
responsible for the deactivation of the excited state via non-radiative channels and the 
emission increases drastically. 
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Figure 3.2.7: The emission spectra of [Ru(/3-CD—mbpy)JC1 2 (26) () and 
[Ru(bpy)JC12 (-) in aqueous solution upon excitation at 436nm and [Ru(f3-CD-
ttp)21[PFJ2 (23) (----) in acetonitrile solution upon excitation at .490 nm. 
The europium ion was selected as luminescent probe with well-explored 
photophysical properties. Acetonitrile solutions of the complex exhibit strong red 
luminescence, characteristic of the europium ion upon excitation at the ligand band 
(Figure 3.2.8). Europium itself is a very weak absorber and therefore needs aromatic 
ligands as light harvester. In our case the tolyl-terpyridine units act as light-harvesting 
centres for collecting the energy and transferring it to the lanthanide centre. 39 The lowest 
lying energy states of such a complex are the light emitting metal based f -states and 
typical red europium emission is observed.  The excitation spectrum upon monitoring the 
616 urn europium emission shows a band centred at 320 urn corresponding to the ligand 
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Figure 3.28: The emission (L = 330 mu, solid line) and excitation (A cm = 616 
nm, dashed curve) spectra of [Eu(,-CD—ttp) 7 (25) in acetonitrile corrected for 
PMT and lamp response, respectively. 
111 
3. RESULTS AND DISCUSSION 
3.2.5 Application of [Ru(3-CD—mbpy) 3] [PF6] 2 as photoactive receptor 
unit in supramolecular donor/acceptor systems 
Among various types of electron transfer reactions, photo-induced electron transfer 
between a ruthenium bipyridine centre and various electron or energy acceptors has 
attracted much interest. Although there are many examples for the covalent linkage of 
these units, only recently, self-assembly systems were constructed to bring the 
photoactive unit and an acceptor together in a supramolecular structure. We are 
interested in employing [Ru([3-CD—mbpy) 3 [PF6] 2 (26) as a photoactive receptor molecule 
for organic or metal based energy or electron acceptor guests to study energy or electron 
transfer via non covalent bonds. A detailed study about systems based on [Ru(13-CD-
ttp)(ttp)[PF] 2 (21) as photoactive metal centre and quinones as organic- and 
[Os(biptpy)(tpy)][Cl2] as metallo- acceptor guests is given in Chapter 3.1. We now 
employed a ruthenium trisbipyridine based unit as photoactive centre due to is well 
known luminescent properties with high quantum yields and long luminescence lifetimes. 
Additionally, the three cyclodextrin receptor cavities in [Ru(i3-CD—mbpy) 3 2 (26) provide 
the possibility to incorporate three electron or energy accepting guests. 
3.2.5a Quinone quenching 
The extensive redox chemistry exhibited by the excited state of [Ru(bpy) 3] 2 , 
[(jpy)32+* 
has prompted many investigations in electron or energy transfer processes 
to suitable acceptors. We employed [Ru(3-CD—mbpy) 31 2t (26) and AQS as the electron 
donor and acceptor respectively to study electron transfer from the ruthenium(ll) centre 
of jRu(mbpy--CD) 3I 2 (26) to a non-covalently bound guest in the cyclodextrin cavity. 
AQS has proven to be a successful candidate for an electron acceptor in the cyclodextrin 
cavity of [Ru([33-CD--ttp)(ttp)][PF 61 2 (21) (Chapter 3.1). Specific binding of AQS in the 
cavity of the cyclodextrin is demonstrated in Chapter 3.3. 
The photo-induced processes between AQS and the cyclodextrin appended ruthenium 
bipyridine was investigated by spectroscopic titration monitoring the ruthenium 3MLCT 
emission at 620 nm Experiments were carried out in buffered aqueous solutions to 
avoid pH problems and to increase binding due to the enhanced ionic strength. Upon 
irradiation at the ruthenium 1 MLCT, a decrease of the ruthenium luminescence with 
increasing concentration of AQS was observed. The end point is reached at 36 times 
excess concentration of AQS which results in a 88 % decrease of the luminescence. 
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Control experiments employing [Ru(mbpy) 3] 24 and AQS under the same conditions 
were performed to estimate the extent of bimolecular quenching contribution. A similar, 
but less strong quenching of 66 o,o  of the ruthenium emission compared to 88 % for the 
cyclodextrin substituted species, with the same ruthenium to AQS ratios was observed. 
This is an indication of the presence of a bimolecular luminescence quenching process 
due to high quinone concentrations and the long lifetime of [Ru(mbpy) 3] 2 . Especially at 
low quencher concentrations, the luminescence decrease due to bimolecular processes is 
very small and intramolecular electron transfer via the receptor molecule is dominating as 
shown in Figure 3.2.9. Bimolecular processes are negligible in discussed systems based on 
the ruthenium terpyridine complex (21) (Chapter 3.1) as its excited states is much shorter 
lived species and diffusion controlled processes are too slow to compete. Luminescence 
quenching experiments of [Ru(mbpy--CD) 3I 2 (26) with AQS had to be corrected for 
non-unimolecular processes by comparing the quenching effect of AQS with 
Ru(mbpy) 3j 2t and with [Ru(mbpy-P-CD) 3I 2 (26) and addition of a correction value on 
each titration step. A corrected maximal quenching value of 30 % was obtained. 
However, there is the possibility that the bulkiness of the cyclodextrin substitution 
hinders bimolecular processes and it is not possible for the quencher to get close enough 
to the ruthenium metal centre to accept the electron and we are therefore overcorrecting. 
Figure 3.2. 10 shows the corrected Stern Volmer plot of the decreasing emission intensity 
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Figure 3.2.9: Luminescence spectra of[Ru(mbpy-/3-CD)/(26) (left) and 
[Ru(mbpy)J('right) (both 746*10' 6M) upon addition of AQS (13 to 36 times 
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Figure 3.2.10: Percentage of the 3MLCT luminescence intensity decrease of 
[Ru(mbpy-fl-CD)/"('26) (7.56*10 6M) by quenching with AQS in a buffered 
(p11=7) solution (2exc = 460 run; data are corrected for bimolecular processes) 
Taking into account a binding constant of 1100 M', at the given concentrations, 70 
% of the cyclodextrin cups have an AQS guest molecule included. Not every 
anthraquinone though contributes to the quenching process, as there are up to three 
acceptors but just one electron available from the ruthenium centre. These observations 
suggest, that AQS bound in the cyclodextrin cavity of [Ru(mbpy-j3-CD) 3 2 (26) takes 
part in a very efficient photo-induced electron transfer from the ruthenium centre to the 
anthraquinone. 
The rate of electron transfer can be estimated according to the following equation 
= (I/I-1); 
to a value of 6.34*105 	This is considerably slower than the value of 4.7 * 107 
reported by Harriman et a1 45 reported for electron transfer from a ruthenium bipyridine 
unit appended on a bicapped cyclodextrin to an included benzoquinone guest molecule. 
Nolte et aP4 reports the electron transfer from a bis-cyclodextrin substituted ruthenium 
bipyridine complex to an included nonyl-viologen acceptor guest and measured an 
electron transfer rate of 9.3*106  s. The difference of the electron transfer rates might be 
due to a different driving forces for the electron transfer, a shorter distance between the 
metal and the acceptor, and a different binding constants of the included guest or, again, 
an overcorrecting of the quenching intensities in our case. Literature reports were not 
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high concentrations. Harriman et al estimated bimolecular, diffusion controlled rates to 
3*109  s and are therefore too fast to account for the measured value. Bimolecular 
quenching of ruthenium bipyridine luminescence by methylviologen in water is reported 
to be 5.6*109  M's' and an intramolecular electron transfer via a covalent bridge has a 
rate of 5.3*106  s_I 47  This indicates a significant stabilisation of the charge separated state 
in our unimolecular system using non-covalent bonds as pathway for electron transfer. 
We further analysed the photoinduced electron transfer processes between 
[Ru(mbpy--CD) 3] 2 (26) and AQS by using time-resolved fluorescence spectroscopy. In 
principal, the occurrence of photoinduced electron transfer in the supramolecular 
structure should lead to a shortening of the measured lifetime, t, relative to the intrinsic 
lifetime of [Ru(mbpy--CD) 3 24 (26), to . The electron transfer rate constant is calculated 
as 
k 
The luminescence decay of the [Ru(mbpy-f3-CD) 3] 24 (26) in the presence of 
increasing AQS concentrations was investigated in collaboration with the group of Prof. 
Luisa DeCola at The University of Amsterdam. Upon addition Of 10 and 60 times excess 
of AQS to [Ru(mbpy-[3-CD) 3J 2 (26) the lifetime of [Ru(mbpy13-CD) 3] 24 (26) changed 
from 640 ns to t = 480 ns and 113 ns respectively (FlAure  3.2.11). We expected a 
growing percentage of a shorter-lived component with higher AQS concentration. Due 
to instrumental limitations, we were not able to observe two separate components, as the 
charge-separated species is very short lived and not enough data points could be acquired 
in that time range. The observed lifetimes give an electron transfer rate of k = 4.9 * io s 
and 1€ = 73 * 106 51 respectively. The electron transfer rate at lower AQS 
concentrations agrees with the value obtained from corrected steady state measurements 
(k = 6.3 * iO s 1); the change in the lifetime upon higher AQS concentrations is a strong 
indication for the presence of an additional, bimolecular, quenching process. Control 
experiments with [Ru(mbpy) 3 2 to correct for bimolecular quenching have been carried 
out at 60 times excess concentrations and a lifetime shortening of t = 92 ns has been 
observed which gives an electron transfer rate of 1.1*107 51 Diffusion controlled 
bimolecular electron transfer processes from [Ru(bpy) 3] 24 to benzoquinone was 
reported 16  to be 2.2*109  M's' and the comparable lower value we obtained indicates, that 
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the ruthenium bipyridine system is not saturated with the quencher at this state, and the 
AQS concentration should be increased to obtain a reliable value to compare for 
bimolecular quenching processes. 
An intramolecular electron transfer rate of 1.0*109 s ' from a ruthenium bipyridine centre 
to a benzoquinone linked via a peptide bridge is given in the literature" and the 
comparable low value we obtained for intramolecular electron transfer via non-covalent 
bonds indicates, that back electron transfer is reduced and the stabilisation of the charge 
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Figure 3.2.11: Luminescence lifetime plot of the 3MLCTlwninescence quenching 
of[Ru(mbpy-/3-CD)J('26) (1.3*105M)  (o) upon addition oIAQS in 10 times (x) 
and 60 times (o) excess. 
3.2.5b Metallo Guests 
In recent years, research on systems incorporating ruthenium polypyridine units as 
photo-induced electron or energy donors has been extended from "simple" 
monometauic species to polymetallic supramolecular assemblies. The presence of 
additional metals provides the basis for different functionalities at each metal centre in 
one molecule, which can lead to the development of molecular devices. Most of these 
polymetalic structures are prepared by multi step reaction schemes and yields are often 
very poor. In the design of our new multi-receptor system using the cyclodextrin 
substituted ruthenium bipyridine (26) as a receptor we apply supramolecular principles to 
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a wide range of possible metallo acceptors to study metal- metal communication and 
easily change the system by just combining metallo -donor and -acceptor units in 
aqueous solutions. To the best of our knowledge, there are no published studies of 
metal- metal communication over non covalent bonds in aqueous solutions. 
We have employed [Ru(3-CD-mbpy) 31 [PF6] 2 (26) as photoactive centre and biphenyl 
terpyridine based metallo guests as acceptors to investigate metal-metal communication 
via a cyclodextrin receptor unit. [M(tpy)(biptpy)J 2t (M = Os (31), It (29)) and 
[Fe(biptpy)J 2 complexes (Scheme 3.2.9) have been chosen due to their suitable redox 
properties or energy levels and high binding constants in the cyclodextrin cavity. 
Preliminary studies were carried out by luminescence lifetime measurements. In the 
presence of different metailo guests, the ruthenium chromophore (26) was excited and 
the decay of the luminescence at 620 rim monitored. 
Scheme 3.2.9 
TNThr IN~  LN 
11111 	 Os° 
(29) 	 (31) 2) 
[Os(biptpy)(tpy)[PF 2 (31) has proven to be a successful energy acceptor guest for 
ruthenium terpyridine systems (see Chapter 3.1). In principle, quenching can be 
attributed to electron or energy transfer. Considering the redox potentials (1.26 V for Ru 
(Il/Ill), 0.94 for Os(II/III), -1.16 for Os(I/II)) and excited state energies of both metal 
units (1.94 eV for Ru, 1.72 eV for Os), reductive quenching is just slightly exergonic, 
oxidative quenching strongly endergonic and quenching by energy transfer most 
favourable. Photoinduced energy transfer from the ruthenium centre of [Ru(13-CD-
ttp)(ttp)I[PF6] 2 (21) to the [Os(biptpy)(tpy)}[PF 62 (31) complex bound in the cyclodextrin 
was observed by a small decrease in the lifetime of the ruthenium luminescence. 
[Ru(mbpy--CD) 3] 2 (26) possesses a far longer luminescence lifetime ('t = 640 ns) and a 
high quantum yield ((I) = 0.027) which eases the observation of energy transfer. Upon 
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seven times excess of the [Os(biptpy)(tpy)] 2 (31) guest, the lifetime of [Ru(mbpy-13-
CD) 3] 2 (26) decreased from 640 ns in degassed aqueous solution to 124 ns, giving, 
according to k = (1 / ,c) - (1 /To), an energy transfer rate of 6.5 * 106s1. Integration of the 
ruthenium signal to obtain excited state lifetime values of the 1MILCT has turned out to 
be difficult to determine, as the osmium compound is in high excess concentrations and 
the strong osmium 3MLCT emission obscures the spectra. (Figure 3.2.12) The value 
obtained though is comparable with energy transfer rates in a ruthenium and osmium 
terpyridine systems linked via a rigid, non conjugated spacer (e.g bicyclo[2.2.2]octane) 
This is an indication that in spite the relatively long metal-metal distance (- 16 A, 
calculated from a MM2 model), light excitation of the ruthenium based unit in the 
heterometallic [Ru(mbpy-3-CD) 3-Os(biptpy)(tpy)I 4 supramo1ecu1ar assembly leads to an 
efficient energy transfer process. Steady state and control experiments with [Ru(mbpy) 3] 24 
to correct for any intermolecular energy transfer have to be carried out to estimate the 
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Figure 3.2.12: Luminescence lifetime quenching of the 'MLCT luminescence of 
[Ru(mbpy-,6-CD)fl26) (2 7*10'M)  by [0s'bi1oqytpy)f in 7 dines excess in 
10% acetonitrile aqueous solution. (Incremental time delay is 40 ns, A = 460 nm) 
[Ir(biptpy)(tpy)[N0 33 (29) and [Fe(biptpy) 2][PF6] 2 (32) have also been studied as 
electron acceptor metallo guest (Jr M 111": -0.81, Mftl:  -0.97, Fe: M 111 "": -0.69) Iridium(III) 
and iron(H) terpyridines have been previously employed as electron acceptors in 
covalently linked systems attached to ruthenium metal centres. 50 [Jr(biptpy)(tpy)11N0 31 3 
(29) also has the advantage to exhibit luminescence at room temperature and its excited 
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state is very long lived (2.4 psec). Time-resolved fluorescence spectroscopic 
measurements were carried out by selective excitation of the ruthenium 1 MLCT at 430 
nm and monitoring of the emission at 620 nm. The fluorescence decay profile of plain 
[Ru(mbpy--CD) 3] 2 (26) is clearly monoexponential but upon addition of an electron 
accepting metal complex a second component is expected to appear. A decrease of the 
lifetime of [Ru(mbpy--CD) 3I 2 (26) from 640 ns to tRutr=  565 ns and tFcIf = 551 ns for 
[Ir(biptpy)(tpy)I[N0 31 3 (29) and [Fe(biptpy)J[PF 2 (32) respectively were measured in a 
Ir:Ru = 1:1 and Fe = 1.5:1 mixture. Solubility problems of the guest compounds in 
aqueous solutions limited higher excess concentration, which would have been necessary 
to ensure complete binding. However, this is a strong indication that photo-induced 
metal-metal communication via non-covalent bonds takes place. The designed system 
was found suitable to further examine electron transfer processes employing a 
functionalised cyclodextrmn as receptor molecule. 
3.2.6 Conclusions 
Metal assembly of polypyridine functionalised cyclodextrins leads to the formation of 
complexes with two or three cyclodextrin receptor sites around the metal core. The 
employment of methylated cyclodextrins leads to versatile soluble ligands for metal 
complex formation. The metallo-receptors developed in this study can take part in 
photoactive processes occurring in more than one direction in space through the metal 
core and the guests. 
Photophysical studies on the luminescent [Ru(mbpy--CD) 3] 2 (26) compound with an 
organic and metallo electron accepting guest have been carried out. There is evidence 
from steady-state and time-resolved luminescence lifetime studies that electron and 
energy transfer from the ruthenium centre to the guest molecule included in the 
cyclodextrin cavity occurs. Further photophysical studies to examine photo-induced 
metal-metal communication in more details are currently underway. 
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3.3 CYCLODEXTRTN INCLUSION COMPLEX FORMATION: 
BINDING STUDIES 
3.3.1 General 
The investigation in electron/energy transfer processes via non-covalent bonds by 
employing our metal appended cyclodextrins, led us to the design of suitable organic and 
metallo-guest compounds. We wanted to utilize the known modes of association to 
achieve organisation in a supramolecular structure. Guest molecules with designed 
structural and functional properties and functionalised cyclodextrins as receptors were 
employed to study the interactions between the metal centre and the non-covalently 
bond guest molecule. Prior to examining the photophysical properties of the [Ru(f3-CD-
ttp)][PF62 (21) and quinone- or metallo-guest system, we had to determine binding 
constants of the compounds in cyclodextrin. This was important, in order to further 
understand the impact of the binding strength on the communication between the metal 
centre and the electron or energy acceptor in the receptor molecule. The knowledge of 
the binding constant also enables us to control the amount of complexed species. 
The structural features of cyclodextrins providing it hydrophobic central binding 
pocket makes -cyclodextrin one of the first molecules recognised as a potential 
receptor.' Its binding properties to organic molecules is well known and extensively 
studied. A great number of inclusion complexes with -cyclodexthn and simple organic 
compounds as well as natural products," I  some metallo-guests' and polymers" have 
been reported. 
In an aqueous solution, high-enthalpy water molecules occupy the apolar cavity of 
the cyclodextrin; a more apolar guest can easily replace them. Addition of a hydrophobic 
guest compound to an aqueous solution of cyclodextrin will therefore lead to the 
formation of an inclusion complex. The driving force is the substitution of the high-
energy water by a more appropriate guest, which is mainly held in the cavity by van der 
Waals forces and hydrophobic interactions. 
Upon inclusion in the cavity of the cyclodextrin, guest molecules change their 
properties due to restricted rotation and a more hydrophobic environment. 
Spectroscopic behaviour e.g. shifts in proton resonance or absorption and emission 
wavelengths and their intensities are observed, as well as electrochemical, thermodynamic 
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and solubility properties of the guest compound differ upon inclusion complex 
formation. Furthermore, the included compound also influences NMR spectroscopic 
features of the cyclodextrin host and complex formation can be studied on changes of 
the properties of the host and/or guest molecule. 
The association of the guest and the cyclodextrin and the dissociation of such a 
cyclodextrin - guest complex is governed by a thermodynamic equilibrium and the 




Binding constants are obtained from direct relation of the concentration of the added 
cyclodextrin host to the observed spectral differences. Mathematical treatment (see 
Chapter 2) of these data allows the valuation of the binding constant '< 2 and with it 
further thermodynamic parameters'. In some papers, 8,9  large amounts of thermodynamic 
data are reported to ensure the validity of the enthalpy - entropy compensation relation 
ship for the inclusion complex formation. 
3.3.2 Methods for the measurement of binding constants 
The determination of the binding constant of a guest in the cavity of the cyclodextrin 
binding pocket is a main feature for molecular recognition. Binding constants of apolar 
compounds in cyclodextrins can vary over a range of magnitudes (up to i-io M'). 1° 
There are several spectroscopic, thermodynamic, electrochemical, solubility and kinetic 
experimental methods for their determination." Not every method can cover that range 
and therefore it is important to choose an appropriate technique to obtain reliable 
binding constants. UV/Vis measurements allow the valuation of binding constants 
between 102  M' and 105 M' and were reported as one of the main methods in earlier 
literature reports. 12,13,14  NMR titrations are now the most common technique for the 
measurement of binding constants, mainly supported by the availability of high 
frequency instruments. We chose to use fluorescence spectroscopy as our main 
technique. Fluorescence spectroscopy is a very sensitive method for a broad range of 
binding constants (10'M - 'and 10'M- ') allowing very low concentrations to be employed. 
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Detailed descriptions of the principles and experimental procedures of the various 
methods can be found in the literature, a brief description is given here. 
3.3.2a NMR titrations'519 
Inclusion complex formation changes the magnetic properties of the guest and also 
the cyclodextrin cavity. The availability of high field instruments allowed us to study 
binding constants by NMR spectroscopy and observe proton shifts upon complexation. 
NMR titrations also give the advantage to have multiple sources of detection for the 
binding constant in just one experiment. More than one proton of the guest molecule 
can be studied at one dine. Further more, changes in the shifts of the inwards pointing 
protons H-3 and H-5 of the cyclodextrin cavity can be used to estimate an association 
constant. H-S signals are known to shift to lower, H-3 to higher field. Persubstituted 
cyclodextrins have the advantage of high symmetry and show just one set of proton 
resonance peaks for the seven glucose units. Therefore shifts are more easily observable 
and make interpretation less difficult. 
A problem in the determination of binding constants by NMR titrations is the 
referencing signal. To obtain complex formation, it is essential to work in aqueous 
solutions. The deuterated water molecules however, can also enter the cavity of the 
cyclodextrin and change their chemical shift value, which makes the water signal 
inadequate as a reference. Internal standards, such as tetramethylsilane, were shown" to 
shift during NMR titration experiments not because of an inclusion complex formation 
but due to changes of the magnetic susceptibility of water due to hydrogen bonding with 
the glucose units of the cyclodextrin. We therefore decided to work with an external 
reference. 
Initial studies to obtain a binding constant for the inclusion of [Ir(biptpy)(tpy)j[PF 6
]
2 
in permethylated (3-cyclodextrin by NMR spectroscopic values were carried out. The 
metal complex, however, showed very low solubility in aqueous solution, and a high 
percentage of a co-solvent had to be added to obtain solutions of detectable 
concentrations. Binding conditions were therefore not optimal and only minor shifts 
were found upon addition of the host molecule. A binding constant by this method 
could not be obtained yet. The exchange of the anion to the chloride salt is a possibility 
to improve water solubility of the complex and is currently underway. 
124 
3. RESULTS AND DISCUSSION 
3.3.2b Circular dichroism 
Due to their structural features, cyclodextrins are chiral compounds. Formation of an 
inclusion complex with an achiral guest molecule induces chirality to the molecule in the 
cavity. If the guest compound posses optical activity, complex formation can be studied 
with circular dichroism. This method also makes it possible to obtain some knowledge of 
the relative orientation of the guest in the cyclodextrin cavity. According to the 
literature, 23 a parallel alignment of the electric transition dipole moment of the guest and 
the axis of the host result in a positive circular dichroism absorption peak, whereas 
perpendicular orientation gives rise to a much weaker or negative signal. 
We have investigated the inclusion of [Ru(biptpy)(tpy)JCl 2  and AQS in permethylated 
3-cyclodextrin by this method. The spectrum of the induced circular dichroism of AQS 
upon addition of permethylated 3-cyclodextrin in a pH = 7 buffer is shown in Fgure 
3.3.1. The appearance of strong signals upon host addition confirms the formation of the 
complex. A binding constant, however, could not be obtained, as the method required 
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Figure 3.3.1: The induced circular dichroism absorption spectra ofAQS (9.2*10
1  
M) upon addition ofpermethylated /3-cydodextrin (78, 136 and 286 times excess) 
in a pH7 buffered solution. 
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3.3.2c Absorption and Fluorescence spectroscopy 2425 
When a guest molecule is included in the cavity of a cyclodextrin, its absorption and 
luminescence properties change due to the more hydrophobic environment and the 
restricted rotation imposed by the environment. Upon excitation, the dipole moment of 
the molecules changes and, in polar solvents, is stabilised by interactions with the 
solvent. Absorption wavelengths shifts and differences in the molar extinction coefficient 
due to the inclusion complex formation can be observed by UV/Vis spectroscopy. 
Emission spectroscopy though is a far more sensitive method and smaller effects can 
be observed. A more apolar environment is expected to disfavour the excited state and 
relaxation from the Franck Condon state to a more relaxed state with same spin 
multiplicity increases so that non-radiative transitions are less active. In other words, the 
fight enclosure of the guest compound in the cyclodextrin leaves less freedom for 
rotation and therefore radiationless deactivation channels are less efficient. As a 
consequence, an enhanced emission intensity of the guest compound upon complex 
formation is observed. This phenomenon of amplified luminescence is widely used for 
the sensing of organic molecules and for analytic applications. Experiments and results 
we have obtained with this method are discussed below. 
3.3.3 Choice of cyclodextrin, design and syntheses of guest 
compounds 
To get information about the binding of guest molecules in the cavity of [Ru(J3-CD-
ttp)(ttp)j[PFJ 2 (21), we chose to work with permethylated -cyclodextrin as a model 
receptor. 3-Cyclodextrins consist of seven glucose units and the cavity provides enough 
space for the inclusion of simple aromatic molecules. They are also cheaper than their a-
and y- analogues and permethylated -cyclodextrin is commercially available. In [Ru([3-
CD-ttp)(ttp)}[PF 52 (21) all alcohol groups are protected with methoxy groups and 
employing -cyclodextrin itself can provoke different binding modes. Methylation of the 
glucose units leads to a change in conformation of the cyclodextrin ring due to the loss 
of some of the hydrogen bonds in between the glucose units. 26 The rigid structure 
becomes more flexible and enables an easier incorporation of a guest molecule. 
Methylated j3-cyclodextrins possess also a more hydrophobic nature than f3-cyclodextrin 
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itself and their complexes are usually more stable. The solubility in water is enhanced and 
allows a range of excess concentration choices. Furthermore, permethylated 3-
cyclodextrin does not absorb in the UV/Vis region and is therefore an ideal candidate 
for absorption and emission studies. 
The crystal structure data of 3-cyclodextrin give an estimation of the size of the 
receptor pocket. Diameters of 15.3 A at the top, 7.8 A at the bottom and a 7.8 A deep 
cavity have been determined" which gives a cavity volume of 262 A3. This provides 
enough space for most of the simple organic molecules to enter the cavity up to the size 
of pyrene. Not every organic molecule binds strongly in the cyclodextrin catty, however, 
and guest compounds with a good binding unit are especially popular. Conjugated 
aromatic systems such as biphenyl units and large aliphatics, e.g. adamantanes, are 
known 27,21  to possess high binding constants in cyclodextrins. Small aromatics and 
aliphatics show a much weaker association, which leads to the need of higher excess 
concentrations of the guest and are therefore less attractive candidates. Although 
hydrophobicity is required from the guest compounds, they should be soluble enough in 
water to allow excess concentrations to the ruthenium cyclodextrin. Cyclodextrin 
inclusion itself is known to enhance solubility of the guest. A small percentage of a co-
solvent, such as acetonitrile, is sometimes induced to avoid precipitation and increases. 
the binding constant. 
We designed guest compounds to study electron or energy transfer between a 
compound bound and a cyclodextrin appended with a photoactive centre. This led to the 
additional requirement that the included organic or metallo-guest redox potentials and 
excited state energies should match with those of the Ru(I1) centre to observe 
communication between the donor and acceptor unit. 
A major interest of photoactive metallo cyclodextrins is to mimic photosynthetic 
processes. In this respect, our ruthenium appended 13-cyclodextrin (21) is a good model 
for a chromophore acting as a light harvesting complex comparable to a porphyrine in a 
photosynthetic system. Electrons and/or energy are transferred from a donor unit to a 
suitable acceptor in aqueous media via non covalent bonds in a very efficient manner. 
Donor and acceptor units have been linked via covalent bonds and studied for electron/ 
energy transfer processes and for comparison reasons, we chose to initially work with 
known donor/acceptor moieties and assemble them via non-covalent bonds in a 
supramolecular structure. 
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Quinones are established electron acceptors and electron transfer from ruthenium 
poiypyridines to covalently attached quinones was intensively studied. 2932 They are also 
known to form inclusion complexes with cyclodextrins, 33 ' 34 which makes them ideal 
candidates for our system. To increase the solubility of the anthraquinones we chose to 
employ anthraquinone-2-sulfonic acid (AQS), anthraquinone-2-carboxylic acid (AQC) 
and 1,4-benzoquinone (BQ). 
Scheme 3.3.1 
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For a metallo-guest, osmium terpyridine based complexes were employed as suitable 
energy acceptors. Os(II) terpyridine complexes possess matching energy levels to which 
energy from the excited state of ruthenium can be transferred. The biphenyl or 
adamantyl moieties act as hydrophobic tails, which will bind in the cavity of the 
cyclodextrin and due to their nature, water solubility can be controlled by the choice of 
the anion. [Os(tpy)(tpy-Ada)I[PF 6] 2 (30) ' was designed to investigate the 
influence/importance of the aromatic binding tail of the guest compound for 
photophysical studies compared to the biphenyl moiety in [Os(tpy)(biptpy)J[PF 6] 2 (31). 
Dr. Murielle Chavarot in our group synthesized the [Os(tpy)(biptpy)][PF 6] 2 (31) 
compound. 
In order to extend the system and also to study the efficiency of electron transfer to 
other metallo guests we synthesised the iridium analogue of [Os(tpy)(biptpy)][PF 6] 2 (31), 
[Ir(tpy) (biptpy)] [PF 6] 3 (29). This approach allows us to change the metal centre and keep 
the binding unit the same. Ir(II1) possess suitable electrochemical and photophysical 
properties and a recent preparative method for iridium terpyridine complexes facilitates 
their accessibility. 
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3.3.3a [Os(tpy)(tpy-ada)J [PF6] 2 (30) 
The tpy-ada ligand was prepared as outlined in Scheme 3.3.2. 2-adarnantylmethanol was 
oxidized with one equivalent pyridinium chlorochromate to the relevant aldehyde (17) 
according to a procedure described by Okamoto et al. The 2-adamantyl aldehyde (17) 
was obtained in high yield and good purity to use it for the following reaction without 
further purification. In a Michael type reaction, the adamantly aldehyde was coupled with 
acetylpyridine to give the desirable trans isomer of 1-(2'-pyridyl)-3-(1-adamantyl)-2-
propen-1-one (18) in good yield while the cis isomer was formed in only a minor 
percentage as by-product. Reaction of the product with PPI (3) and ammonium acetate, 
following a Kroehnke condensation, led to the 4'- adamantyl substituted terpyridine, tpy-
ada (19), which was obtained as a white powder after chromatographic purification. 
Scheme 3.3.2 
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The synthesis of [Os(tpy)(tpy-ada)j [PF 6] 2 (30) was performed in analogy to the 
[Os(tpy)(biptpy)][PF 6] 2 (31) following a procedure described by Ziessel et al. 36  Osmium is 
a very inert metal and therefore high temperatures and long reaction times were required 
It also possess a high affinity to halides and therefore Os(tpy)Cl 3 had to be activated to 
the more reactive [Os(tpy)(OH) 3][PF61 2. The compound was synthesised by Dr. Murielle 
Chavarot and was used as a synthetic intermediate for the formation of the heteroleptic 
[Os (tpy)(tpy-ada)I [PF 6] 2 (30). 
The TJV/Vis spectrum of [Os(tpy)(tpy-ada)J[PF 6]2 (30) (Figure 3.3.1) shows the 
characteristic osmium terpyridine peaks. In the high energy region strong absorption 
bands from ligand based mtK  transitions are dominating, whereas the 1 p4JCT is found 
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at 480 nm. The weak and very broad absorption band at 650 nm is attributed to the 
3MLCT state, which becomes allowed due to the heavy atom effect. Excitation of the 
complex at 490 nm in an acetonitrile solution leads to strong emission from the 3MLCT 
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Figure 3.3.1: The UV/Vis absorption spectrum of [0s(tpy)(tpy-ada)][PFJ2 in 
acetonitrile. 
3.3.3.b [Ir(tpy)(biptpy)] [PF 6] 3 (29) 
[Ir(tpy) (biptpy)] [PF 6], (29) was prepared according to a new, higher yield synthesis 
reported by Sauvage et al. In a first step, coordination of the tpy ligand to IrCi, takes 
place and gives Ir(tpy)C1, (28) in good yields. Ethylene glycol is required as a high boiling 
solvent to obtain necessary high reaction temperatures and also to provide solubility of 
the reagents. Ir(tpy)C1 3 (28) was reported 17  to be light sensitive and was therefore handled 
in the dark. [Ir(tpy)(biptpy)I[PFJ, (29) was obtained by reacting Ir(tpy)Cl, (28) with one 
equivalent of biptpy in relatively short reaction times and is obtained as a yellow solid. 
The 500 MHz 'H NMR spectrum of [Ir(tpy)(biptpy)][PFJ, (29) in CDC13 is shown in 
Figure 3.3.2. It confirms the formation of the heteroleptic complex showing a set of peaks 
for the biphenyl terpyridine moiety and the terpyridine each. Assignments of proton 
resonances were confirmed by COSY and TOCSY cross peaks. 
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Figure 33.2: The 500 MHz 'H NMR spectrum of [Ir(tpy)(b4,tpy)J[PFJ 3 (29) in 
CDJCN. 
A UV/Vis absorption spectrum and an emission spectrum of [lr(tpy)(biptpy)][PF 6] 3 
(29) in acetonitrile upon excitation at 350 nm are shown in Figure 3.3.3. The IJV/Vis 
region is dominated by mainly ligand based m - t' absorptions which are also made 
responsible for the yellow colour of the compound. The spectrum is very similar to other 
reported iridium terpyridine complexes. The higher absorption coefficients of the peaks 
at low wavelength absorptions are attributed to the additional phenyl ring of the biphenyl 
ligand compared to the reported tolylterpyricline, the stronger absorption at lower 
wavelength (X =375 nm) could be attributed to ligand to metal charge transfer bands. 
Iridium bis-terpyridine complexes are luminescent at room temperature. The 
emission maximum of [Ir(tpy)(biptpy)][PF 6] 3 (29) is at 570 nm in aqueous solutions and is 
attributed to mainly ligand centred emission with probably some LMCT character in it. 
This is significantly red shifted to reported values for [Tr(ttp) 2] [PFJ 3 in acetonitrile 
although the latter are based to the highest energy emission and the lowest energy peak 
shoulder/peak at about 550 nm is not mentioned. The luminescence quantum yield was 
measured in air equilibrated solution and was found to be $ = 2.6*10 -3 . This is a factor of 
10 smaller than the reported values for iridium terpyridine complexes, 31  which were 
measured against an improperly referenced standard. The lifetime of the compound in 
water is 2.3 uxs which is much longer than for the analogue ruthenium terpyridines. 
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Iridium bis-terpyridine complexes are also known to have high redox potentials (-'1.6 
V/SCE) and are therefore powerful oxidants. 
Due to aforementioned properties, iridium terpyridine complexes are attractive 
photoluminescent centres as an alternative to ruthenium bipyridine complexes. 38,39 
Recently, electron transfer from an iridium polypyridine complex to covalendy linked 
metal complexes has been investigated in this respect. 40,41 
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Figure 3.3.3: The absorption (solid line) and emission spectra (dotted line) of 
[Ir(tpy)(biptpy)][PFJ3 (29) in acetonftrile. Intensities are not scaled. 
3.3.3c [M(biptpy) 2] [PF61 2 (M=  Fe 2 ", Zn21', Cd2 ') 
[M(biptpy)PF6] 2 complexes (Scheme 3.3.3) possess two equivalent, independent binding 
units and hence provide the possibility to incorporate two cyclodextiins in a 
supramolecular structure. The compounds were synthesised in the group of Dr. Mike 
Hannon at the University of Warwick 42  The iron complex [Fe(biptpy) 2][PF6] 2 has 
attractive redox properties and a lower 3MLCT state than ruthenium terpyridines which 
makes it an interesting candidate as a possible guest to include in [Ru(ttp)(3-CD-
ttp)[PF6] 2 (21). The zinc and cadmium complexes are appealing in respect to their 
binding in the cyclodextrin cavity but do not possess electron or energy accepting 
properties. 
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Scheme 3.3.3 
3.3.4 Measurement and interpretation of binding constants 
The knowledge of a value for the non-covalent interaction between our ruthenium 
appended cyclodextrin and the included guest is a decisive prerequisite for the 
understanding of electron and energy transfer in the supramolecular structure. 
Furthermore, it will help us to design new guests and improve the system. To study 
electron or energy transfer form [Ru(ttp)(13-CD-ttp)][PF 6] 2 (21) to a quinone or the 
biphenyl terpyridine based metal complexes [Os(biptpy)(tpy)j[PF 6
]
2 (31) and 
[Jr(biptpy)(tpy)][PFj 3 (29), we were interested in calculating the association constants for 
anthraquinones and biphenyl terpyridine in permethylated 3-cyèlodextrin. 
The interpretation of experimental data by means of fitting it to a mathematical equation 
allows the evaluation of a binding constant Ka. The actual data consist of the added 
cyclodextrin concentrations and the consequently observed changes in spectral features. 
The data can be analysed in several different ways. A very common method is the Benesi 




Al a[G]o a[G]oKa [CD] 
where Al is the difference between the observed spectroscopic value at a certain 
cyclodextrin concentration and the initial value of the guest alone with [CD] = 0, a is a 
constant specific to the chosen method, [G] 0 the starting concentration of the guest 
molecule and [CD], the total concentration of cyclodextrin after a certain addition. 
Plotting the reciprocal values 1/AT versus 1/[CD], allows to estimate K a  by division of 
the slope by the intercept of the plot. The Benesi Hildebrand formula however demands 
conditions were [CD]>> [CDG] and this is not always possible if the binding is strong. 
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The necessary condition of high host concentrations also leads to a disproportionate 
influence of the points at low cyclodextrin concentrations and therefore binding 
constants interpreted by the Benesi Hildebrand equation are often just very rough 
estimations of a binding constant. Another disadvantage of the Benesi Hilebrand plot is 
that curvature due to a different stoichiometric complex than a -1:1 ratio is difficult to 
observe because of the reciprocal doubling effectt Non-linear regression, using the 
linearised quadratic equation, given in Chapter 2.6, is a more versatile method not 
requiring any assumptions and gives the binding constant K as a parameter value. In the 
linear least square analyses, data are equally weighted and we therefore decided to employ 
this method to obtain a binding constant. 1:1 and 2:1 binding constants were obtained 
from experimental data with this mathematic treatment. 
3.3.4a Quinone binding 
We have measured binding constants for AQC, AQS, BQ with permethylated 
cyclodextrin. Due to the acidic functionality of AQS and AQC, experiments with the 
quinones were carried out in pH 7 buffered aqueous solution. Irradiation was obtained 
with a 60 Watt Xe lamp as a more powerful lamp was, found to cause decomposition of 
the quinones. It has been earlier reported in the literature, that cyclodextrias may catalyse 
photochemical decomposition of quinones. 45,46  A binding constant for BQ could not be 
obtained by this method due to the instability of the compound under UV excitation. 
Figure 3.3.4 shows the typical emission spectra of a titration of AQC with 
permethylated cyclodextrin upon excitation at X. = 340 nm. The initial emission 
intensity of the quinone is very low and centred around 420 nm. It is known '41  that in 
protic solutions, small para quinones exhibit no or just small emission. Fluorescence 
emission maxima agree with reported literature values for anthraquinone. 47 Addition of 
permethylated cyclodextrin gives rise to a strong luminescence signal centred at 475 nm. 
Upon an excess of about 77 times of the cyclodextrin, the signal does not significantly 
change with further addition and indicates maximum complexation. The emission is 
attributed to phosphorescence from a n—n*  state which usually appears in aprotic 
degassed solvents or at low temperature. 47 Although this is a forbidden transition, it 
seems to be stabilised upon inclusion in the cyclodextrin cavity. 
134 

















z 5 i0  o 
010 ° 	 210 3  
11 binding squalls, 
AOC 
Valu, Eo.or 
'iii 2.3969•06 2.5590s+05 
.12 0.0034590 000062800 
m3 • K 662.29 544.23 
R 0.99149 NA 
4 10' 	 6 10' 	 610' 
(CDII M 
350 400 450 500 550 600 650 700 750 
wavelength A/nm 
Figure 3.3.4: Luminescence spectra ofAQC (1.72 x 10 4  M) in a typical binding 
experiment in buffer (pH = 7) upon addition of 7 to 77 moL equiv. of 
permethyla ted fi-cyclodextrin and interpretation of the data obtained by non-
linear regression. 
A plot of Al against [CD] leads to a convex upwards curve as shown in Fsuw 3.3.4. 
We assumed a 1:1 complex formation between the quinone guest and the cyclodextrin. 
Interpretation of the values obtained by non-linear regression gives a complex formation 
constant K. of 860 ± 200 M' and 1100 ± 100 M 1 for AQC and AQS respectively. This 
agrees well with an earlier report" of a binding constant of AQS in f3-cyclodextrin (K 5 = 
3000 ± 500 M) in the same range of magnitude. 
A binding constant of AQS in cyclodextrin can also be determined by the extent of 
luminescence quenching of the ruthenium appended cyclodextrin complex [Ru(ttp)(ttp- 
13-CD)] [PP6] 2  (21). Depopulation of the excited state of the ruthenium centre by electron 
transfer via non-covalent bonds (see Chapter 3.1) is taking place upon binding of 
anthraquinones in the cyclodextrin cavity of [Ru(ttp)(ttp- 13-CD)][PF 6] 2 (21) due to the 
electron accepting nature of quinones. The decrease in the intensity of the ruthenium 
emission is therefore a direct consequence of increasing quinone concentration and can 
be interpreted by non-linear least square fitting. As expected, the value obtained was very 
similar (K5 = 1060 M-) and confirmed earlier results. 
The charged ruthenium centre on the rim of the cyclodextrin might have an 
influence on the binding mode and the direction of inclusion of the quinones. In Scheme 
3.3.4, a possible model of the quinone complexed in [Ru(ttp)(ttp-13-CD)][PF 6j 2 (21) is 
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presented. It is very likely, that AQS and AQC are bound in the cyclodextrin cavity with 
the acidic group pointing to the ruthenium unit, which gives an extra driving force for 
the inclusion complex formation. NOESY spectra to confirm this assumption could not 
been obtained yet due to the low solubility of AQS and AQC in aqueous solutions. 
Monitoring the luminescence quenching of ruthenium by an electron acceptor also 
allowed us to estimate a binding constant for BQ in the cyclodextrin cavity of 
[[Ru(ttp)(ttp-f3-CD)I[PF 5] 2 (21). Plotting the data according to a 1:1 binding plot yields a 
binding constant in the magnitude of K a = 100 M'. This compares well with binding 
constants for simple aromatics. 7 
Scheme 3.3.4 
1 2+  
3.3.4b Biptpy ligand binding studies 
To obtain a binding constant for a biphenyl moiety included in a cyclodextrin cavity, 
we used biptpy, [Zn(biptpy)] 2 and [Cd(biptpy)J 2 as model compounds. Determination 
of binding constants for the energy/electron transfer capable compounds 
[Os(biptpy)(tpy)][PFJ 2 (30) and [Ir(biptpy)(tpy)][PF 6] 3 (29) in the cyclodextrin cavity was 
not possible by the emission spectroscopy method, as theses complexes possess charge 
transfer state luminescence which is not influenced by inclusion complex formation. We 
therefore used the uncoordinated ligand biptpy, and two fluorescent metal complexes 
[Zn(biptpy) 2j[PF6] 2 and [Cd(biptpy)PF 6] 2 . 42 These complexes were kindly given to us 
from Dr. Mike Hannon's group at the University of Warwick. 
Biphenyl terpyridine is expected to form a 1:1 complex with permethylated 3-
cyclodextrin whereas both complexes have two equivalent binding units and a 2:1 
cyclodextrin:[M(biptpy) 2 is formed. Although the solubility of biptpy and its complexes 
in water is very poor, the high molar extinction coefficient of the compounds at the 
136 
3. RESULTS AND DISCUSSION 
excitation wavelength due to the extended aromatic system and the good quantum yields 
made it possible to use dilute conditions. 
The binding constant of biptpy in permethylated cyclodextrin was determined by 
changes of the UV/Vis absorption intensities upon complex formation. Fzgure 3.3.5 
shows the spectra of a typical titration experiment. The absorption peak of biptpy is 
centred at 330 urn with a shoulder on the long wavelength tail (around 350 nm) of this 
intense it-rt transition. A strong decrease of the absorption intensity and a more 
resolved structure of the signal upon inclusion in the cyclodextrin cavity is observed. The 
same effect is reported" for absorption bands of terpyridine upon recording spectra of 
the compound in a less polar solvent; in their case it was taken as evidence for the n_ rt* 
character of the shoulder absorption peak. In analogy to this, we attribute the absorption 
at 360 nm to an n_m*  transition, which becomes disfavoured upon inclusion in the 
hydrophobic cavity of a cyclodextrin. 
From the titration experiment, the difference in the absorption maxima at 300 urn 
can be directly related to the cyclodextrin concentration and interpretation by non-linear 
least square fitting gives a binding constant of 20000 ± 1000. IVV'. To the best of our 
knowledge there are no reports of a binding constant of similar compounds in the 
literature. Biphenyl has been reported to form a water insoluble inclusion complex" with 
13-cyclodextrin. Considering that the binding of benzene in cyclodextrin is in the range of 
102 M 1 , our binding constant for the biphenyl unit is in the tight order of magnitude. We 
have also considered the possibility of the inclusion of an outer pyridine ring of the 
terpyridine. Binding constant for such species however are reported' to be significantly 
smaller and can therefore not compete with the binding of the biphenyl moiety. Also, the 
clear fit for a 1:1 complex formation indicates that in biphenyl terpyridines inclusion of 
the pyridine moiety plays a minor role. 
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Figure 3.3.5: Absorption spectra of biotpy (5) (6.78 x iu M) in a 10% acetonitrile 
aqueous solution in a typical binding experiment upon addition ofpermethyla ted 
/3-cyclodextrin (8.26 x 10 .5  M - 1.93 x 10 M) and interpretation of the data 
obtained by non-linear regression. 
Excitation of biphenyl terpyridine at 280 rim in a methanolic solution leads to a 
strong emission centred at 390 nm, which is attributed to a it—its transition with 
contributions of n_1t*  character. Emission spectra in solvents with increasing polarity 
were measured and a large shift of the emission maximum to the red and broadening and 
the loss of structure of the peak is observed (FlAure  3.3.6). This high sensitivity to changes 
in the solvent polarity is a strong indication of the presence of an n_7t*  or a possible 
intraligand charge transfer transition state from the biphenyl tail to the terpyridine. 
Addition of permethylated cyclodextrins leads to a strong decrease of the emission 
intensity, caused by the already smaller absorption of the complex and probably an 
additional luminescence quenching effect of the cyclodextrin on the biptpy. Treatment of 
terphenyl with cyclodextrin leads to an increase of the fluorescence intensity. 
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Figure 3.3.6: The emission spectra of biptpy (5) in various solvents upon excitation 
at 280 nni. 
3.3.4c Metallo-guest binding 
[Cd(biptpy) 21[BF411 2  and [Zn(biptpy) 2] [PP6] 2  were also used for the determination of a 
binding constant of a metal complex with a biphenyl binding unit in the cavity of 
permethylated 3-cyclodextrin. In this way, a charged metal centre is introduced to create 
more similar conditions for the binding of the osmium and iridium compounds 
[0s(tpy)(biptpy) 2]2 (31) and [Ir(tpy)(biptpy) 2] 2  (29) in permethylated cyclodextrin. Model 
compounds had to be employed, as [Os(tpy)(biptpy) 2i1 2  (31) and [Ir(tpy)(biptpy) 2] 2  (29) 
possess MLCT and LMCT emissions respectively, which are less influenced by inclusion 
in the cyclodextrin. 
[Cd(biptpy) 2][BF4] 2  and [Zn(biptpy) 2]IIPF6II 2  were both studied with luminescence 
spectroscopy. Absorption wavelengths in the UV/Vis and their intensities do not change 
upon cyclodextrin addition contrary to the uncoordinated ligand. A less pronounced 
effect upon inclusion and the minor sensitivity of absorption spectroscopy compared to 
emission detection is an explanation therefore. An emission spectrum of [Zn(biptpy) 2]2 
in a typical titration experiment is shown in Fi gure 3.3.7 The initial emission maximum of 
the [Zn(biptpy) 2] 2  complex (A. =460 nm) is red shifted compared to the free ligand in 
the same solvent and, as expected, does not show expressed shifts upon increasing 
solvent polarity. The luminescence is attributed to it—ir transitions and some ligand to 
metal charge transfer character of the band. The latter was identified by considering 
observations of UV/Vis absorption bands at lower wavelength compared to biptpy, the 
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enhanced molar extinction coefficient of the absorption bands at 336 nm and higher 
quantum yields of the complexes compared to the ligand (0.80 for [Zn(biptpy) 2j2t , 0.55 
for biptpy). 
Titration of [Zn(biptpy) 2I 2 with permethylated cyclodextrin showed a decrease of 
70% in the intensity of the complex emission (Fzgure 3.3.7). Upon addition of more than 
150 equivalents of permethylated cyclodextrin saturation was reached and the emission 
intensity did not undergo further quenching. 
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Figure 3.3.7: Emission spectra of [Zn(biptpy)J[PFJ2 (7.6 x 1116  M) in a 10% 
acetonitrile aqueous solution in a typical binding experiment upon addition of 
permethylated /3-cyclodextrin (6.3 x 1(1 M to 1.5*1113  M) 
Calculation of the equilibrium constants from the luminescence spectroscopic data 
was straightforward. The system has been treated on the basis of the assumption that 2:1 
cyclodextrin metal complex adducts are present only. Further more, the reaction was not 
treated as a stepwise process. Data were fitted to the linearised equation 
(-K,2A1[G]A8, +K.,[G1a8,J)[cD]2 + (4K, 2AP[G]2 - 4K2AI[G]2A8)[CDJ- (41 
	
-4K, 2 6.1 2 [G]' +AI[G] M,) = 0 
Ag- 
for a 2:1 complex formation as explained in Chapter 2.6. We have determined a binding 
constant of 3.0*107  M 2 and 3.7*107  M 2 for [Cd(biptpy) 2I 2 and [Zn(biptpy) 2I 2 respectively 
(Figure 3.3.8). The order of magnitude agrees with the value obtained for the 1:1 binding 
of biptpy (3) in permethylated f3-cyclodextrin Ka = 2.0*10 4  M 1 . The metal complexation, 
and with it introduction of a positive charge on the ligand, diminishes the binding ability 
of the biphenyl slightly which might arise from conformational changes. 
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Figure 3.3.8: Binding Plot for [Zn(bijntpy)J[PFJ2 and [Cd(b4ptpy)21[BF4j2 
according to the 2:1 binding equation. 
The decrease of the absorption and emission intensity upoti inclusion in the 
cyclodextrin although is surprising. It is known, that the geometry of molecules upon 
excitation can change significantly. 5 ' Molecules imbedded in the cyclodextrin cavity are 
restricted in their free rotation and they are therefore very interesting species to study in 
this respect. In solutions, biphenyls have a twisted plane by about 15-30 ' . " Upon 
excitation, a charge transfer state can be formed as shown in Scheme for biphenyl-4- 
carboxylic acid. 52 Orbital overlap between the two phenyl units is required and one 
aromatic ring has therefore to rotate to take up the planar structure. Polar solvents 
stabilize such an electron delocalisation state. Inclusion in the cyclodextrin cavity changes 
the environment of the biphenyl from water to a less polar one and disfavours the 
emitting charge transfer state. Furthermore, due to the limited space in the cyclodextrin 
cavity, rotation to form the excited state might be hindered. 
Scheme 3.3.5 
0-04014 	 011 1w 
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The biphenyl tail and the large positive charge on the terpyridine of our complex 
[Zn(biptpy)J 2 suggests a similar explanation for the decrease of emission intensity upon 
inclusion in the cyclodextrin. Upon excitation, the complex takes up a planar structure to 
enable electron transfer. Inclusion in the cyclodextrin cavity restricts the necessary 
rotation of one of the phenyl ring. Provided that the emission band mainly originates 
from the intramolecular charge transfer state, formation of the excited state inside the 
cyclodextrin cavity would be less favoured and the luminescence decreases upon 
increasing cyclodextrin concentrations. 
3.3.5 Conclusions 
A binding constant for AQS, AQC and BQ in permethylated -cyclodextrin has been 
measured by emission spectroscopy. The formation of the triplet excited state was found 
to be stabilised upon inclusion in the cyclodextrin cavity and leads to strong 
phosphorescence. 
A strong 1:1 binding of biptpy in permethylated 0-cyclodextrin was determined by 
UV/Vis spectroscopy. The absorption ability of the compound is reduced upon 
inclusion complex formation, which is attributed to the restricted rotational freedom in 
the cyclodextrin cavity and therefore hindrance in the formation of the excited state. A 
pronounced solvatochromism of the compound support this assumption. 
Metal complexes, bearing two equivalent binding units, such as [Cd(biptpy)J 2 have been 
shown to form 2:1 complexes with cyclodextrins. 
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3.4 CONCLUSIONS AND FUTURE WORK 
We have successfully synthesised and characterised novel ruthenium-cyclodextrins. 
We have investigated their photophysical properties and employed the receptor 
functionality to build advanced supramolecular structures. 
Electron- and energy transfer via non-covalent bonds from the ruthenium centre to an 
organic or metallo-guest included in the cyclodextrin cavity has been investigated. 
Evidence for metal-metal communication via non-covalent bonds has been obtained. 
Further more, we have employed a metal centre to assemble more than one receptor 
molecule in a spatially controlled manner. 
We have demonstrated the binding of the guest compounds in permethylated 
cyclodextrins and association constants have been determined. 
Future work will include the further exploration of the ruthenium bipyridine system, 
employing various metallo guests, with different binding units and driving forces. 
Also, changing the cup size of the cyclodextrin and employing a or y-cyclodextrins 
instead can achieve selective binding of different guests, which is important for the 
design of molecular triads. 
Further development of these systems will include absorbing the ruthenium complexes 








4.1. STRUCTURES OF SYNTHESISED COMPOUNDS 
0 	 0 
(1) 
(4) ttp 	 (5) biptpy 
(OCH 3 ) 14 
7 7 
OH 	 B 	 (OBn)y 
(7)13-CD-OH 	 (8) 
Br 
/ 	 / 
	
H1C 	 CH, 
\ b—d 
(10) 	 (11) 











[Ru(3-CD-ttp) (ttp)1 2 
(19) tpy-Ada 
(23) [Ru(3-CD-ttp)2 12+ 
4. APPENDIX 
C7~z ~U N 	N- 
(13) (14) 
(OC 





(16) tpy-02 	 (17) 
	
(18) 
(22) [Ru(-CD-ttp) (tpy)1 2 
149 
[Fe(3-CD—ttp) 2 1 2+ 
4. APPENDIX 
(25) [Eu(J3-CD—ttp)2 13+ (26) [Ru(f3-CD—mbpy)3 ]2+ 
Ir III 
CI CI- - 
CI 
(28) Ir(tpy)C13 
(27) [Fe(-CD—mbpy)3 12+ 
(29) [tr(biptpy)(tpy)J 	(30) IOs(tpy-ada)(tpy)1 2+ 
	
(31) [Os(biptpy)(tpy)I 2+ 
150 
4. APPENDIX 
4.2 NMR SPECTRA 
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Figure 4.1: The 300 MHz 1 H spectrum of inono-6-hydroxy permethylated 3-
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Figure 4.2: The 500 MHz 1 H COSY spectrum of 6-inono(4-tolylterpyridine)-
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Figure 4.3: The 500 MHz 1 H COSY spectrum of 6-mono(4-tolylterpyridine)-
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Figure 4.4: The 600 MHz 'H TOCSY spectrum of 6-mono(4-tolylterpyridine)-
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Figure 4.5: The 600 MHz 1 H TOCSY spectrum of 6-mono[4-methyl(4'-methyl-2,2'-
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Figure 4.6: The 600 MHz 'H spectrum of 6-Mono-(5-carboxyl- 2,2'-bipytidine)-
permethylated -cyc1odextrin (bpyCO-0-CD) (15) in CDC1 3 . 
(18) in CDC13 . 
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Figure 4.7: The 300 MHz 'H spectrum of 4'-(1-adamantly)-2,2':6',2"-terpyridine (tpy-
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Figure 4.11: The 600 MHz 'H COSY spectrum of [Ru((3-CD—ttp) 2][PF6] 2 (23) 
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Figure 4.12: The 600 MHz 'H TOCSY spectrum of [Ru(p -CD—ttp)[PF6]2 (23) 
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Figure 4.13: The 600 MHz 1 H COSY spectrum of [Fe(f3-CD—up) 2][PF6] 2  (24) (aromatic 








Figure 4.14: The 600 MHz 'H COSY spectrum of [Fe(-CD—ttp) 2][PF6] 2 (24) 
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Figure 4.15: The 600 MHz 'H TOSY spectrum of [Fe(13-CD—ttp)J[PF 61 2 (24) (aromatic 
region) in CDC13 . 
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Metal Assembly of Cyclodextrin Recognition Sites 
Johanna M. Haiderlall*I  and Zoe Pikramenou*lall*I 
Keywords: Cyclodextrins / Supramolecular chemistry / Receptors I Coordination chemistry I Molecular devices 
Cyclodextrin recognition sites are assembled in macromolec-
ular structures by using metal assembly principles, Methyl-
ated cydodextrins are functionalised with bidentate bipyri-
dine and tridentate terpyridine units to give versatile recep-
tor ligands, f3-CD'--mbpy and 13-CD-ttp, respectively, for metal 
complexation. Tris-cyclodextrin complexes are prepared by 
reaction of the j3-CD-mbpy receptor with iron(II) and by re- 
Introduction 
Receptors for small molecule recognition are popular 
building blocks in supramolecular design. 1 Artificial recep-
tors have been developed from either multiple covalent 
bond synthesis or self-assembly principles for applications 
that range from biomedical research to the sensor field. 121 
The design of optical molecular sensors based on recogni-
tion events has attracted much interest for the technological 
development of molecular. devicesP 1 Photoactivç metal 
centres have been appended to calixarene 141 or cyclodex-
trin 51 receptor molecules for sensing ion or molecule recog-
nition events. We are interested in employing cyclodextrins 
as rigid receptors that bind photoactive guests leading to 
the spatial organisation of energy or electron donor-ac-
ceptor arrays based on transition metals. Cyclodextrins are 
particularly attractive natural host molecules, water soluble, 
with a hydrophobic well-defined cavity. 161 Formation of 
transition metal arrays for photoinduced processes have 
been previously developed by using covalent bond bridgesL 71 
or hydrogen-bond interfacesE'J to bring the metal centres 
together in one array. The importance of the cyclodextrin 
approach is that light-induced processes can be observed 
between two photoactive units held together by non-cova-
lent interactions in aqueous solutionsJ 9 
The design of cyclodextrin-based organised arrays re-
quires functionalisation of the cyclodextrin glucose units 
which can be achieved by modifying and using synthetic 
routes established in carbohydrate chemistry. 1101 Metal 
centres have been attached to both discrete sugar units 1 " 1 
and functionalised cyclodextrins, 121 primarily for develop-
ing models for enzymatic catalysis or sensors. In order to 
(a)  Current address: School of Chemistry, University of 
Birmingham, 
Edgbaston, Birmingham B15 2TT, UK 
Fax: (internat.) -4-44-121/414-4403 
E-mail: Z.Pikramenou@bham.ac.uk  
*1 Previous address: Department of Chemistry, University of 
Edinburgh, 
Kings Buildings, Edinburgh, EH9 3JJ, UK  
action of -CD-ttp with europium(llI). The latter leads to a 
luminescent complex with three recognition sites around the 
luminescent metal core. Bis-cyclodextrin complexes are pre-
pared by addition of iron(II) to 3-CD-ttp. The characteris-
ation of the compounds and their luminescent properties 
are reported. 
increase the number of guest interaction sites in cyclodex-
trin recognition systems the design of molecules with more 
than one cyclodextrin binding sites is attractive. Previous 
methods to link more than one cyclodextrin have employed 
covalent bond multi-step synthesis using bridges such as bi-
pyridines,1131 porphyrins, 1141 or organoselenium moieties.' 51 
Such bridged bis-cyclodextrin compounds have shown in-
teresting catalytic properties for ditopic recognition of sub-
strates.E13a1 In this paper the assembly of cyclodextrins using 
coordination, principles to yield complexes with multiple 
cyclodektrin recognition sites around a central metal core 
is reported. Our approach, using metal centres to assemble 
receptors, provides metal-directed spatial control of the re-
ceptors so that directional intramolecular energy or electron 
transfer processes between the central metal core and the 
guest species included in the receptor sites can take place 
when the metal core is photoactive. Metal centres have been 
previously employed to bring hydrogen-bonded recognition 
sites together. 1161 
We wish to report the assembly of two or three func-
tionalised cyclodextrins around a metal centre depending 
on the coordination preference of the metal core; octahed-
ral metal centres and nine-coordinate lanthanide ions are 
used to spatially organise cyclodextrins functionalised with 
bidentate (p-CD '-mbpy) and tridentate units (0-CD-ttp). 
Metal coordination properties allow the assembly of three 
cyclodextrins, which has not previously been investigated 
via covalent bond synthesis. 
Results and Discussion 
Synthesis 
To incorporate a bidentate site on the cyclodextrin rim a 
new monosubstituted cyclodextrin 2,2'-bipyridine deriva-
tive was synthesised by attaching a monohydroxy per-
methylated cyclodextrin to the 4-position of a 2,2'-bipyrid-
me to give f3-CD-mbpy. Bipyridine functionalised cycle-
dextrins have been previously prepared either by William- 
Eur. 1 Inorg. Chem. 2001, 189-194 	eWILEY-VCHVerIagGmbH,69451 Weinheim, 2001 	I434—I948/0l/0I0l-0189$ 17.50+5010 	189 
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son ether synthesis at the 5,5'- or 6-positions of the bipyrid- 
ine,[120] thioether formation at 5,5'-disubstituted 
bipyridinesl13a) or via "phosphinimine" type reactions of 5-
methylamino bipyridinesJ' 7 ' We employed the Williamson 
ether synthesis as a convenient route to attach the 4-posi-
tion of a 4,4'-dimethyl 2,2'-bipyridine onto the cyclodex-
trin. We chose the 4-position both to avoid steric crowding 
around the metal (a problem with the 6-substituents) and 
to ensure good electronic coupling for communication of a 
redox active guest with the metal in photoinduced intramo-
lecular processes. The functionalised cyclodextrin was pre-
pared from the monohydroxy permethylated 0-cyclodex-
trint' 8]  and 4-bromomethyl, 4'methyl-2,2'-bipyridine. The 
latter was prepared by modification of a procedure of 
monosilylation of the dimethyl 2,2'-bipyridine t ' 91 followed 
by bromination with BrF 2CCF2Br (Scheme 1). 
WA 	 Nei 
	
- 	 Me3SICI N N 







YH ( CHA 
-03 
Scheme I 
The 4-substituted bipyridine was shown to be more react-
ive towards the ether formation under similar conditions 
than the analogous 6- and 5- substituted bipiridines. The 
3-CD—mbpy is an attractive ligand due to its versatile solu-
bility in both halogenated solvents and water which is im-
portant not only in the handling and purification of the 
compound but also in the metal complex formation. 
Simple addition of Fe" to a methanolic solution of 3-
CD—mbpy results in a deep red colour which is attributed 
to a complex with three cyclodextrins around the iron 
centre, [Fe(j33-CD—mbpy) 3] 2 (Scheme 2). Solubility of the 
complex is enhanced by the presence of the methylated 
cyclodextrins and chromatographic methods have been 
more effective for isolation of the complex rather than 
recrystallization used in the analogous [Fe(mbpy) 3][PF6]2 
complex. 
Three cyclodextrins can potentially be assembled around 
a metal by using a tridentate binding site (such as a tolyl-
terpyridine unit) attached on the cyclodextrin ([1-CD---ttp) 
and a nine coordinate lanthanide, such as europium, 
(Scheme 3). We have previously reported such a func-
tionalised cyclodextrin [1-CD—ttp. 91 Europium(III) ions do 
not possess strong ligand field preference, adopting high co- 
F + Fo(II) 
	p 12+  
-6 
Scheme 2 
ordination numbers in solution and they are known to form 
a tris-complex with 2,2':6,'2" terpyridine. Upon addition 
of three equivalents of f3-CD—ttp in an ethanolic solution 
of europium chloride the tris-cyclodextrin complex, {Eu(I3-







When a metal with octahedral geometry is employed with 
the tridentate functionalised cyclodextrin two cyclodextrins 
are assembled around the metal; when Fe" is reacted with 
3-CD—ttp a strong purple coloured complex of [Fe(13-
CD—ttp)2] 2 is formed. 
Characterisation 
NMR, UVIVis spectroscopy together with mass spectro-
metric analysis were employed to confirm the identification 
of the compounds. Electrospray mass spectrometry has 
proven to be an important technique in the identification 
of self-assembled polymetallic systems 211 In our case it has 
been successfully applied in cyclodextrin systems. In Table I 
the electrospray mass spectrometry data of the complexes 
190 	 1 	 Eur. I !norg. Chem. 2001, 189-194 
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Table I. Electrospray mass spectrometry data of metallo-cyclodex-
trins 
Metal Complex 	 ml; corresponding fragment 
[Fe(-CD—mbpy) 31[PF6] 2 	2422, {M2 [PF6]} 2 
1717, {M-2 [PF51 - I CD }2+(al 
1010, {M-2 [P1'6] - 2 CD,}' 
[Eu(j3-CD—ttp) 3][PF6] 3 	1788, (M-3 [PF6]) 3 
1347, {M-3 [PF6J + Na} 4 
1765, {M-2 [PF61 } 2 
1184, {M-2 [PF6] + Na) 3 
[Fe(3-CD—ttp)21[PF6] 2 	894, {M - 2 [Pr6] + 2 Na} 4 
lal CD, = [6-monohydroxy permethylated 3-cyclodextrin—H]. 
The H01-6,6' pair of the substituted glucose of the cyclo-
dextrin also becomes diastereotopic, one proton is shifted 
to S = 4.06 and shows a cross peak in the 2D TOCSY with 
the other one at 8 = 3.71. Distinct from the cyclodextrin 
proton manifold are the six primary methoxy groups at 8 = 
3.34, 3.32, 3.31, 3.30, 3.28, 3.27 and the H01-2 glucose pro-
tons at 8 = 3.18-3.12. Full assignment of the cyclodextrin 
protons also agrees with previously detailed studies of per-
methylated cyclodextrins. 221 
The [Fe(13-CD - mbpy) 3][PF6]2 complex is diamagnetic 
which indicates that the cyclodextrin substitution does not 
induce any steric hindrance, which is known to be respons-
ible for spin crossover phenomena in iron complexes. 1231 In 
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Figure I. The 360 MHz 'H NMR spectra or 3-CD—mbpy (bottom) in CDCI 3 and [Fe(fl-CD--mbpy) 3J[PF6]2 (top) in CD3CN 
are presented. The data confirm the formulation of the his-
and tris-cyclodextrin complexes. 
In the 'H NMR spectrum of the -CD—mbpy ligand, 
shown in Figure 1, the characteristic anomeric protons of 
the glucose units are non-equivalent due to the mono-sub-
stitution; five of them overlap (multiplet at S = 5.4) while 
two separate doublets appear at S = 5.12 and 5.10 (J = 
4Hz). 
Substitution of the bipyridine unit is confirmed by the 
shift of the methylene group from S = 4.43 in the bromide 
derivative to 5 = 4.66 in 3-CD--mbpy. The splitting of the 
signal as an AD pattern due to the diastereotopic protons 
upon attachment to the chiral cyclodextrin also confirms 
this. The rest of the aromatic protons appear as six signals.  
the 'H NMR spectrum of the complex (Figure 1), the com-
plexation with the -CD—mbpy is confirmed by the shift, 
of the H-6,6' protons of the bipyridine, to lower frequen-
cies. The aromatic proton peaks are broader than are usu-
ally observed which may be due to the presence of the two 
fac and mer isomers1241 or to a very small impurity of 
iron(III)[25l which is difficult to exclude due to the high 
solubility of the complex. The complex UV/Vis absorption 
spectrum shows the characteristic MLCT absorption at 
530 nm which agrees with the model compound which is a 
tris-bipyridine iron(II) complex without the cyclodextrin re-
ceptor. 
The purple bis-cyclodextrin iron complex [Fe(3-
CD—ttp) 21[PF6] 2  was characterised by 600 MHz 'H NMR 
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Figure 2. The 600 MHz 'H NMR spectrum of [Fe(-CD—ttp) 2][PF5] 2 in CDCI 3 
spectroscopy (Figure 2). The H-6 protons of the terpyridine 
unit show a 1.55 ppm shift at lower frequencies with respect 
of the chemical shift in the ligand spectrum attributed to 
metal coordination J 261 The methylene protons on the 
benzyl ring are diastereotopic appearing as a doublet of 
doublets at S = 4.75 where the methylene diastereotopic 
protons of the substituted glucose ring appear at S = 4.15 
and 3.80, the latter is obscured by the rest of the cyclodex-
ti-in protons (S = 3.15-3.90). This was assigned from the 
'H-'H COSY contour plot. Acetonitrile solutions of the 
iron complex display a typical MLCT absorption band at 
569 run. No luminescence was detected upon excitation to 
the MLCT band for either the bipyridine or the terpyridine 
cyclodextrin complexes. This is not surprising since both 
iron(IT) bipyridine and terpyridine complexes bear low lying 
metal-centred states that provide radiationless pathways for 
luminescence quenching. 127 
Luminescence Spectroscopy 
The europium complex was characterised by electrospray 
mass spectrometry and NMR spectroscopy. In the 'H 
NMR spectrum of the perchiorate salt of the complex, the 
observed chemical shifts of the terpyridine protons are con-
sistent with previously reported studies of europium terpyr-
idine complexes. 1281 The complex is stable in most organic 
solvents but dissociates in the presence of water as expected 
for lanthanide terpyridine complexesJ 281 The europium ion 








200 	300 	400 	500 	600 	700 	800 
X/nm 
Figure 3. Emission Q,, c = 330 nm, solid line) and excitation (Xcm 
616 nm dashed curve) spectra of[Eu(P-CD—ttp)3] 3 in aceton,tr,le 
corrected for PMT and lamp response, respectively 
photophysical properties. Acetonitrile solutions of the com-
plex exhibit strong red luminescence, characteristic of the 
europium ion upon excitation at the ligand band (Figure 3). 
The excitation spectrum upon monitoring the 616 nm euro-
pium emission shows a band centred at 320 out correspond-
ing to the ligand iiit transition which is in agreement with 
the absorption spectrum of the complex. The tolyl-terpyri- 
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dine units act as light-harvesting centres for collecting the 
energy and transferring it to the lanthanide centre. 
Conclusions 
Metal assembly of polypyridine functionalised cyclodex-
trins leads to the formation of complexes with two or three 
cyclodextrin receptor sites around the metal core. The em-
ployment of methylated cyclodextrins leads to versatile sol-
uble ligands for metal complex formation. The metallo-re-
ceptors developed in this study can take part in photoactive 
processes occurring in more than one direction in space 
through the metal core and the guests. We are currently 
studying the ruthenium(II) analogues of these receptors be-
cause of their attractive photophysical properties for indu-
cing energy or electron transfer processes. 
Experimental Section 
General Procedures and Materials: All starting materials were pur-
chased from Aldrich unless otherwise indicated. fl-Cyclodextrin 
(Acros) was recrystallized from water and dried under vacuum at 
80 °C for 8 hours. RuCI3-xH20 was provided from Johnson & Mat-
they as a loan. Solvents used in synthetic procedures were analyt-
ical grade apart from the ones used in size exclusion chromato-
graphy and spectroscopic studies where HPLC grade solvents were 
used. THF was freshly distilled from sodium under nitrogen. All 
ligand synthetic procedures were carried out under a nitrogen at-
mosphere. Thin layer chromatography (TLC) analyses were per -
formed on either Merck silica gel 60 glass plates or Merck alumina 
gel 60 glass plates as indicated. iliobeads SX3 was used as a station-
ary phase for size exclusion chromatography. Cyclodextrins were 
detected by an oxidising solution consisting of anisaldehyde/acetic 
acid/methanol/sulfuric acid in a 2:45:430:22 ratio followed by heat-
ing at around 100 °C. 
NMR spectra were recorded on Bruker DRX 360 and Varian Inova 
600 spectrometers. The protons on the glucose units were indicated 
as H 01 ,, in the assignments. Fast atom bombardment mass spectro-
metry was performed on a Kmtos MS-SO spectrometer and eke-
trospray on a Quattro instrument at the EPSRC Mass Spectro-
metry Service Centre in Swansea. 
Absorption spectra were recorded on a Perkin—Elmer Lambda 16 
UV/Vis spectrometer. Emission and excitation spectra were re-
corded on a Photon Technology International QM-1 steady state 
spectrometer described elsewhere.t 291 
4'-Methyl-{4-(trimetliylsilyl)methyl}-2,2'-bipyridine (1): To a solu-
tion of LEA (Fluka, 1.05 g, 9.78 unroll in freshly distilled THF 
(20 mL) a solution of 4,4'-dimethyl-2,2'-bipyridine (1.50 g, 
8.15 mmol) in the same solvent (SGmL) was added dropwise at 
—78 °C. The dark brown mixture was kept stirring at that temper-
ature for an hour. Trimethylsilyl chloride (1.06g. 9.78 mmol) was 
added under vigorous stirring and after 20 s the reaction was 
quenched with absolute EtOH (10 mL), where upon the solution 
turned green. The cold reaction mixture was poured into an aque-
ous saturated Nal-1CO 3 solution and was left to reach room tem-
perature. The mixture was extracted by dichloromethane (3 X 
40 mL) and the combined organic phases were dried over anhyd-
rous Na 2SO4. After filtration and evaporation of the solvent TLC 
analysis of the mixture showed the presence of mono- and his- silyl- 
substituted products (silica gel deactivated with NH 3 , B1 = 0.68 
and 0.86, respectively). Pure product was obtained after column 
chromatography (silica gel deactivated by addition of 10% triethyl-
amine to the eluent system: EtOAc/cyclohexane 3:7) (yield: 1.5 g, 
72%). 
'H NMR (360 MHz, CDCI 3): ö = 8.51 (d, J = 4.98 Hz, I H, H-
6), 8.45 (d, J = 5.26 Hz, I H, H-6'), 8.21 (s, I H, H-3'), 8.04 (s,l 
H, H.3), 7.09 (dd, J = 4.97 Hz, J = 1 Hz, I H, H-S), 6.93 (dd, 
J = 5.01 Hz, J = I Hz, I H, H-5), 2.41 (s, 3 H, 4'-methyl), 2.19 (s, 
2 H, 4-methylene), 0.02 (s, 9 H, CH 3 —Si). 
4-Bromomethyl4'-methyl-2,2'-bipyridine (2): Caesium fluoride 
(0.475 g, 3.125 unroll and BrF 2C—CBrF2 (0.813 g, 3.125 =of) 
were added to a solution of (1) (0.4 g, 1.56 mmol ) in dry DMF 
(5 mL). The reaction was followed by TLC (deactivated silica, 
EtOAc/hexane 1:4) (RAproduct) = 0.43). The reaction reached 
completion after 4-5 hand the mixture was then poured into water 
(10 mL) and extracted by EtOAc (3 )< 50 mL). The combined or-
ganic phases were washed with brine, dried over Na 2SO4, filtered 
and the solvent evaporated. The brown oil was purified by column 
chromatography (deactivated silica ethyl acetate/cyclohexane 1:4) 
to give a slightly yellow oil (yield: 0.3 g, 73%). 
1 H NMR (360 MHz, CDCI3): ö = 8.60 (d, J = 4.99 Hz, 1 H, H-
6), 8.49 (d, J = 4.96 H; I H, H-6'), 8.37 (s, I H, H.3), 8.19 (s, I 
H, H-3'), 7.29 (dd, J = 4.95 H; J = I H; I H, H-5), 7.11 (dd, 
J = 5.03 Hz, J = 1 Hz, I H, H-S'), 4.43 (s, 2 H, 4- methylene), 
2.39 (s, 3 H, 4'-methyl). 
6-Mono4-methyl(4'-methyl-2,2'-bipyridyl)J-permethyIated p-cyclo-
dextrm (p-CD—mbpy) (3): 6-Monohydroxy permethylated 3-cyclo-
dextrin (0.8 g, 0.565 mmol) was dissolved in freshly distilled THF 
(IS mL). NaH (100 mg, 600/6 suspension in oil, 2.6 unroll was ad-
ded and a white precipitate was formed. A solution of (2) (208 mg, 
0.789 mmol) in THF (5 mL) was added. The mixture was left to 
refiux for 12 h, quenched with brine (5 mL) and the solvent was 
evaporated. The residue was treated with brine (10 mL) and ex-
tracted with dichloromethane (3 X 40 mL). The combined organic 
phases were dried over Na 2SO4, filtered and the solvent was evap-
orated. The compound was purified through column chromato-
graphy (Biobeads SX3, acetone). Yield 0.3 g, 33%. 
'H NMR (600 MHz, CDCI3): ö = 8.58 (d, J = 5 Hz, I H, H-6), 
8.46 (d, J = 5Hz, 1 H, H-C), 8.28 (s, I H, H-3), 8.19 (s, I H, H-
3'), 7.33 (dd, J = 5 Hz, J = I Hz, I H, H-5), 7.09 (dd, J = 5 Hz, 
J = 1Hz, I H, H-5'), 5.12 —5.07 (H0,-1, 7 H), 4.66 (dd, J 
13.5 Hz, J = 19.0 Hz, 2 H, CH, on C4-bpy), 4.06 (dd, J = 6.8 Hz, 
J = 3.85 Hz, 1 H, H01-6), 3.83-3.12 (m, H01-2,3,4,5,6, 
— OCH30i), 2.39 (s, 3 H, -CH 3 on CA'). 
lFe(-CD--inbpy)3JPF6J z (4): A solution of [NH 4] 2Fe(SO4)2-6H20 
(12 mg, 0.03 unroll in water (I mL) was added to a solution of (3) 
(ISO mg, 0.09 unroll in MeOH (2 mL). The mixture immediately 
turned dark purple and was left stirring for 30 mm. The mixture 
was treated with a methanolic solution of NH 4PF6, following ex-
traction with dichloromethane (3 x 20 mL) and column chromato-
graphy (Biobeads 5X3, acetone) the complex was obtained in 45% 
yield (70 mg). 
'H NMR (360 MHz, CDCI 3): S = 8.55, 8.42 (2 H, H-3,-3'), 7.35, 
7.25(4 H, H-5,-5', H-6,-6'), 5.25 —5.10(7 H, H 0,-1), 4.80 (2 H, 
CH, on C-4-bpy), 4.25 (1 H, H3i-6), 3.9-3.1 (m, H0,-2,3,4,5,6, 
—0CH301j, 2.6 (3 H, —CH3 on CA'). - UWVis (MeOH) 
(&/m - 'cm'): A = 520 nm (9770), 351 (9700), 297 (83400), 289 
(88100). - ESI MS (CH 3CN): m/z = 2422(M - 2[PF6]) 2t 
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IFe(fi-CD—ttphIlPF 6I 2 (5): To a solution of -CD—ttp (50 mg, 
0.029 mmol) in methanol (I mL) a solution of (NH 4)2Fe(SO4) 2  in 
the same solvent (5.6 mg, 0.014 mmcl) was added. The complex 
formed immediately giving a strong purple coloured solution. The 
mixture was heated for a few minutes to 50 'C, cooled to room 
temperature and a solution of ammonium hexafluorophosphate 
(4.8 mg, 0.028 mmol) in methanol (I mL) was added. There was no 
precipitation due to the high solubility of the methylated cyclodex-
trin and the complex was isolated following extraction by dichloro-
methane (74 mg, yield: 73%). 
'H NMR (600 MHz, CDCI 3 ): 5 = 8.98 (s, 4 H, H-3'), 8.48 (d, J = 
7.9 Hz, 4 H, H-3), 8.19 (d, J = 7.7 Hz, 411, H 0), 7.80 (dd, J = 6.4, 
6.8 Hz, 4 H, 11-4), 7.71 (d, J = 7.7 Hz, 4 H, Hm), 7.19- 7.15 (m, 4 
H, 11-5,6), 5.24-5.10 (m, 7 H, HG,,,-l), 4.78 (dd, J = 7.6 Hz, 411, 
—CH 2-benzyl), 4.18 (dd, J 10.7 Hz, J = 2.9 Hz, 2 H, H0 1 -6), 
4.0-3.0 (m, H0i-2,3,4,5,6 —0CH 301j. - FAD-MS (nitrobenzyl 
alcohol matrix): mlz = 3674 {M - [PF6]}, 3530 {M - 2[PF6]}'. 
- IJV/Vis (MeOH) (al M'cnfj: X = 568 nm (13800), 313 (37500) 
286 (46000). 
IEuqI-CD—ttp) 31IPF6I 3  (6): 6-Monotolylterpyridine permethylated 
0-cyclodextrin, fl-CD—ttp (100 mg, 57 mmcl) was dissolved in ab-
solute EtOH (2 mL) and a hot solution of Eu(NO 3)3-5H20 
(8.56 mg, 19 mmol) in the same solvent (1 znL) was added. The 
mixture was refluxed for 3 hours, the volume was reduced and 
NH4PF6 in EtOH (I mL) was added. As no precipitate was formed, 
the mixture was extracted in dichloromethane (2 mL) following 
evaporation of the solvent. It was filtered through a Millipore col-
umn to remove the excess of NH 4PF6, to yield 85 mg of the com-
plex after solvent evaporation (yield 79 0/6). 
£51-MS (MeOHIEtOH): m/z = 1788 {M - 3[PF61} 3 t - 'H NMR 
(300 MHz, CD3CN): 6 = 16.14 (H-6), 7.18 (H, 1,,,), 6.95 (H-4), 6.6 
(H,,), 6.3 (H-5),5.1 (H 01 -l), 4.6 (—CH2-benzyl), 4.0-3.0 (rest of 
cyclodextrin protons), 2.5-2.4 (H3, 3'). - UV/Vis (CH 2Cl2): X 
280, 330 am, 
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Metallocyclodextrins as Building Blocks in Noncovalent Assemblies of Photoactive Units for 
the Study of Photoinduced Intercomponent Processes 
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Cyclodextrin cups have been employed to build supramolecular systems consisting of metal and organic photoactive/ 
redox-active components; the photoinduced communication between redox-active units assembled in water via 
noncovalent interactions is established. The functionalization of a fl-cyclodextrin with a terpyridine unit, ftp-fl-
CD, is achieved by protection of all but one of the hydroxyl groups by methylation and attachment of the ftp unit 
on the free primary hydroxyl group. The metalloreceptors [(fl-CD—ttp)Ru(ttp)][PFd2,  [-CD—ttp)Ru(tpy)][PF 6] 2 , 
and [Ru(8-CD—up)2][PF6]2  are synthesized and fully characterized. The [(13-CD—ttp)Ru(ttp)][PF6]2  metalloreceptor 
exhibits luminescence in water, centered at 640 am, from the 3MLCT state with a lifetime of 1.9 as and a quantum 
yield of 'I' = 4.1 x 10. Addition of redox-active quinone guests AQS, AQC, and BQ to an aqueous solution 
of [-CD—ttp)Ru(up)] 2t results in quenching of the luminescence up to 40%, 20%, and 25%, respectively. 
Measurement of the binding strength indicates that, in saturation conditions, 85% for AQS and 77% for AQC are 
bound. The luminescence quenching is attributed to an intercomponent electron transfer from the appended 
ruthenium center to the quinone guest inside the cavity. Control experiments demonstrate no bimolecular quenching 
at these conditions. A photoactive osmium metalloguest, [Os(biptpy)(tpy)]PF 6], is designed with a biphenyl 
hydrophobic tail for insertion in the cyclodextrin cavity. The complex is luminescent at room temperature with 
an emission band maximum at 730 rim and a lifetime of 116 ns. The osmium(III) species are formed for the study 
of photoinduced electron transfer upon their assembly with the ruthenium cyclodextrin, [-CD—ttp)Ru(ttp)] 2t 
Time-resolved spectroscopy studies show a short component of 10 ps, attributed to electron transfer from Ru(lI) 
to Os(III) giving an electron transfer rate 9.5 x 10 r'. 
Introduction 
The need for a fundamental understanding of photoinduced 
processes occurring in Nature has brought forth several studies 
involving molecular systems where the structural organization 
of photoactive units is dominated by noncovalent interactions.t 
From a materials perspective, efficient light-induced charge 
separation, as observed in natural systems, is an attractive 
function to generate in artificial systems for the development 
of photo- or optoelectronic devices. 2 
Photoactive transition metal systems have been very attractive 
candidates as units for the construction of molecular devices 
due to their photosensitization and electrochemical properties.' 
• E-mail: z.pikramenou@bham.ac.uk.  
The University of Birmingham. 
The University of Edinburgh. 
University of Amsterdam. 
(I) (a) Piotrowiak, P. Chem. Soc. Rev. 1999, 28, 143-150. (b) Kirby, J. 
P.; Roberts. I. A.; Nocera, D. G. .1 Am. Chem. Soc. 1997. 119, 9230-
9236. (c) Ward, M. D. Cheat. Soc. Rev. 1997, 26, 365-375 and 
references herein. 
(a) Belser, P.; Bernhardt, S.; Blum, C.; Beyeler, A.; De Cola, L.; 
Balzani, V. Court!. Chem, Rev. 1999, 190-192, 155-159. (b) 
Kalyansundaram K.; Grltzel, M. Coord. Chem. Rev. 1998, 177, 347—  
414. 
(a) Balzani, V.; Jmis, A.; Venturi, M.; Campagna, S.; Serroni, S. Cheat. 
Rev. 1996, 96, 759-833. (b) Kalyanasundaram, K. Photochemistry 
ofPolypyridine and Porphyrin Complexes; Academic Press: London, 
1991. 
To create a long-lived charge-separated state or to funnel energy 
over long distances research has been mainly focused on two 
different approaches: (a) the attachment of organic donor and/ 
or acceptor moieties onto ligands that coordinate to a metal cen-
ter4 and (b) the assembly of polymetallic donor/acceptor arrays. 
The latter approach has mainly involved the construction of 
covalently linked metal centers via spacer units that control the 
rigidity of the system or act as a relay communicator unit.' In 
such systems, high molecular complexity is inevitable as several 
(a) Maxwell, K. A.; Sykora, M.; Desimone, J. M.; Meyer, T. J. !norg. 
Cheat. 2000, 39, 71-75. (b) Arounaguiri, S.; Maiya, B. G. Inorg. 
Cheat. 1999, 38, 842-843. (c) Collin, J.-P.; Guillerez, S.; Sauvage, 
3.-P.; Batigelletti, F.; De Cola, L.; Flamigni, L.; Balzani, V. Inorg. 
Cheat. 1991, 30, 4230-4238. 
(a) Batigelletti, F.; Flamigni, L. Cheat. Soc. Rev. 2000,29,1-12. (b) 
El-ghayomy, A.; Harriman, A.; Khatyr, A.; Ziessel, R. J. Phys. Cheat. 
A 2000, 104, 1512-1523. (c) Kelso, L. S.; Smith, T. A.; Schultz, A. 
C.; Junk, P. C.; Warrener, R. N.; Chiggino, K. P.; Keene, F. R. J. 
Cheat. Soc., Dalton Trans. 2000, 2599-2606. (d) Constable, E. C.; 
Ilousecroft, C. E.; Schofield, E. R.; Encinas, S.; Armaroli, N.; 
Barigelletti, F.; Flamigni, L.; Figgemeier, E.; Vos, J. C. Chem. 
Commun. 1999, 869-870. (e) Schlicke, B.; Belser, P.; Dc Cola, L.; 
Sabbioni, E.; Balzani, V. J. Am. Cheat. Soc. 1999, 121,4207-4214. 
(1) Gulyas, P. T.; Smith, T. A.; Paddon-Row, M. N. .1 Cheat. Soc., 
Dalton Trans. 1999, 1325-1335. (g) Hammarstrom, L.; Sun, L.; 
Alcermark, B.; Styring, S. Biochiat. Biophys. Acta 1998, 1365, 193— 
199. (i) De Cola, L.; Reiser, P. Coord. C/rem. Rev. 1998, 177, 301 — 
346. (1) Barigelletti, F.; Flamigni, L.; Collin, J.-P.; Sauvage, 3.-P. Cheat, 
Coatmun. 1997, 333-338. 
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features are accumulated in a single molecular unit. A modular, 
supramolecular approach introduces a larger flexibility of choice 
of photoactive units. The communication of metal centers 
assembled via a hydrogen-bonded interface, 6 incorporated in 
oligonucleotides7 or held together by a catenane structure has 
recently attracted attention. 5 
We are interested in employing cyclodextrins as receptors 
that bind guests mainly via hydrophobic interactions. 9 Our 
approach involves attachment of a photoactive metal to the 
cyclodextrin rim and assembly of another photoactive unit in 
close proximity via the cyclodextrin cavity to target the study 
of photoinduced processes between units noncovalently as- 
sembled in water. Functionalization of cyclodextrins with ligand 
units to attach metal centers has been widely employed, mainly 
for the study of enzyme mimic systems.'° Europium and terbium 
luminescent cyclodextrins have been developed for sensing 
aromatic hydrocarbons based on an intramolecular energy 
transfer through the cyclodextrin cavity." Ruthenium-function- 
alized calixarenes have also been employed in sensing schemes. 2 
A porphyrin-modified cyclodextrin has been recently reported 
as an electron donor sensitized by a ruthenium complex in a 
noncovalent system designed for photoinduced electron trans- 
fer. 13 Although the synthesis of some cyclodextrins derivatized 
with ruthenium and rhenium bipyridine complexes had been 
reported, 14 these systems had not been further developed until 
a recent report that introduced them as sensors for the detection 
of steroids. 15 
We have developed several metallocyclodextrins based on 
transition metal photoactive units. 16 Preliminary results of one 
of the ruthenium—cyclodextrins showed quenching of lumines- 
cence of the appended ruthenium center upon binding of a 
redox-active guest. In this manuscript, we wish to report the 
full characterization of a terpyridine-flinctionalized cyclodextrin 
and its ruthenium—cyclodextrin complexes as well as the 
photophysical studies of these metallocyclodextrins with organic 
guests and metalloguests. The influence of three different 
quinones on the quenching of the ruthenium-centered lumines- 
cence was studied. Quenching is attributed to an intercomponent 
electron transfer process between the appended metal center and 
the guest included in the cavity. To extend our approach to 
(a) Ohaddar, T. H.; Cashier, E. W.; Isied, S. S. .1 Am. Chem. Soc. 
2000, 122, 1233-1234. (b) Annaroli, N.; Barigelletti, F.; Calogero, 
0.; Flamigni, L.; White, C. M.; Ward, M. D. Chem. Commun. 1997, 
2181-2182. (c) Constable, E. C.; Fallahpour, R. A. J. Chem. Soc., 
Dalton Trans. 1996, 2389-2390. 
Hurley D. 3.; Tor, Y. J. Am. Chem. Soc. 1998, 120, 2194-2195. 
Chrdenas, D. 3.; Collin, 3.-P.; Gavifla, P.; Sauvage, 1.-P.; De Cia.,, 
A.; Fischer, .1.; Armaroli, N.; Flamigni, L.; Vicinelli, V.; Balzani, V. 
J. Am. CIsc,,,. Soc. 1999, 121, 5481-5488. 
Szejtli, I. CIsc,,,. Rev. 1998, 98, 1977-1996. 
(a) Rizzarelli, E.; Vecchio, C. Coord. Chem. Rev. 1999, 188, 343-
364. () Zhang, B.; Breslow, R . J. Am. Chem. Soc. 1997, 119,1676— 
1681. 
(II) (a) Rudzinski, C. M.; Engebrelson, D. S.; Hartmann, W. K.; Nocera, 
D. 0.]. Phys. Chem. A 1998. 102, 7442-7446. (b) Pikramenou, Z.; 
Yu, 1.-a.; Lessard, R. B.; Ponce, A.; Wong, P. A.; Nocera, D. G. Coord. 
Chem. Rev. 1994, 132, 181-194. 
Beer, P. D.; Timoshenko, V.; Maestri, M.; Passaniti, P.; Balzani, V. 
Chem. Common. 1999, 1755-1756. 
Hamachi, I.; Takashima, H.; Ho, Y.-Z.; Shinkai, S.; Oishi, S. Chem. 
Commun. 2000, 1127-1128. 
(a) Deschenaux, R.; Ruch, T.; Deschenaux, P. F.; Juris, A.; Ziessel, 
R. Heir,. Chit,,. Acta 1995, 78, 619-628. (b) Deschenaux, R.; Harding, 
M. M.; Ruch, T. J Chem. Soc., Per/rb. Trans. 21993,1251-1258. 
Nelissen, H. F. M.; Schur, A. F. 3.; Venema, F.; Feiters, M. C.; Nolte, 
R. J. M. Chem. Common. 2000,577-578. 
(a) Haider, J. M.; Pikramenou, Z. Eur. J. Inorg. Chem. 2001, 189 
194. (b) Chavarot M.; Pikramenou, Z. Tetrahedron Lea, 1999, 40, 
6865-6868. (c) Weidner, S.; Pikra,nenou, Z. C/scm, Common. 1998, 
1473-1474. 
communication of metal centers, an osmium guest with a 
hydrophobic tail was designed that can act as an energy (Os") 
as well as an electron acceptor (Os"). Photoinduced electron 
transfer between the ruthenium(II) and osmium(III) photoactive 
centers assembled by the cyclodextrmn cavity is demonstrated 
by lime-resolved spectroscopy. 
Experimental Section 
Materials. All starting materials were purchased from Aldrich unless 
otherwise indicated. fl-Cyclodextrin provided by American Maize-
Products company was recrystallized from water and dried under 
vacuum at 80 °C for at least 6 h prior to use. Ruthenium and osmium 
starting materials (RuCI 3 -31120 and 0s04) were supplied by Johnson 
& Matthey. 4'-(p-Tolyl)-2,2':6',2"-terpyridine' 7 (ttp), 4'-(4-biphenyl)-
2,2':6',2"-terpyridine (biptpy)," Ru(ttp)C13, 19 Ru(tpy)C13' 9 (tpy = 2,2': 
6',2"-terpyridine), 0s(tpy)C13, 20 and [0s(tpy)(OH 2)6 1[PF6j3 2 ' were pre-
pared according to described procedures. Solvents used in synthetic 
procedures were analytical grade with the exception of HPLC grade 
solvents used in size exclusion chromatography and spectroscopic 
studies. Doubly deionized water was used where necessary in the 
spectroscopic studies. THF was freshly distilled from sodium under 
nitrogen. All of the ligand synthetic procedures were carried out under 
nitrogen atmosphere. Thin layer chromatography (TLC) analyses were 
performed on either Merck silica gel 60 glass plates or Merck alumina 
Brockman I grade, as indicated. Biobeads SX3 was used as a stationary 
phase for size exclusion chromatography. Cyclodextrins were detected 
by an oxidizing solution consisted of anisaldehyde/acetic acid/methanoll 
sulfuric acid in a 2:45:430:22 ratio, following heating at around 100 
°C. 
Spectroscopy. NMR spectra were recorded on Broker DRX 360 
and Varian Inova 600 spectrometers. The protons on the glucose units 
are indicated as H 01, in the assignments. Fast atom bombardment mass 
spectrometry was performed on a Kratos MS-SO spectrometer and 
electrospray on a Quattro instrument at the EPSRC Mass Spectrometry 
Service Centre in Swansea. Absorption spectra were recorded on a 
Perkin-Elmer Lambda 16 UV/vis spectrometer. Emission spectra were 
recorded on a Photon Technology International QM-1 steady state 
spectrometer described elsewhere" employed with a dual-grating 500/ 
750 rim emission monochromator and appropriate cutoff filters. The 
spectra were not corrected for PMT response. Time-resolved emission 
and transient absorption spectra were obtained with a gated optical 
multichannel analyzer (OMA IV) of EG&G instruments similar to the 
ones described previously." As excitation and white probe sources, a 
tunable Coherent Infinity laser (I ns pulses fwhm) and an EG&G Xe 
flash lamp (X 504) were used, respectively. The excitation beam is at 
a right angle to the probing beam. The probing path length is 1 cm. 
Samples were adjusted to an absorption of between 0.5 and I (1 cm) 
at the excitation wavelength. Laser power was ca. 10 nil per pulse 
(0.2 cm'). Luminescence lifetimes were measured with time-correlated 
single photon counting using a Hamamatsu microchannel plate (R 3809) 
detector in a setup slightly modified from that previously described, 23 
employing a frequency-doubled DCM dye laser which is synchronously 
pumped with a mode-locked Argon ion laser resulting in 324 nm 20 
PS fwhm pulses. Decays were analyzed with a home-written decon-
volution program.Quantum yields were determined using the "optical 
dilute relative method". 24 
Luminescence Studies. The quinone guests examined in this study 
were commercially available (AQS = anthraquinone-2-sulfonic acid, 
Krohnke, F. Synthesis 1976, 1-24. 
Alcock, N. W.; Barker, P. R.; Haider, J. M.; Hannon, M. 3.; Painting, 
C. L.; Pikramenou, Z.; Plummer, E. A.; Rissanen, K.; Saarenketo, P. 
J. Chem. Soc., Dalton Trans. 2000, 1447-1461. 
Sullivan, B. P.; Calvert, J. M.; Meyer, T. J. Inor.g. Chem. 1980, 19, 
1404-1407. 
Buckingham, D. A.; Dwyer, F. P.; Sargeson, A. M. Aust. J. Chem. 
1961, 14, 250-258. 
Vogler L. M.; Brewer, K. J. borg. Chem. 1996, 35, 818-824. 
Vanstokkum, I. H. M.; Scherer, T.; Brouwer, A. M.; Verhoeven, J. 
W. I Phys. Chem. 1994, 98, 852-866. 
Bebelaar D. Rev. Set Instrurn. 1986, 57, 1116-1125. 
Demas, J. N.; Crosby, G. A. .1 Phys. Chem, 1971, 75, 991-1024. 
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AQC = anthraquinone-2-carboxylic acid, BQ = I ,4-benzoquinone) and 
recrystallized prior to use. The quinone quenching experiments were 
performed in buffered solutions (BDH 50 mM phosphate buffer, pH 
= 7). Stock solutions of the quinones were prepared in the buffer (AQS 
and BQ) or acetonitrile (AQC). Microliter quantities of the quinone 
stock solution were added to a [Ru(ttp)(ttp-fl-CD)][PF 6J 1 (2.83 x l0- 
M) solution. Guest concentrations ranged from 1.11 x 10 - to 4.17 x 
10 M for AQS, from 3.91 x 10 to 1.47 x 10 M for AQC, and 
from 6.13 x 10 to 2.64 x 10-1  M for BQ. Corrections of the dilution 
effects were performed where necessary. The area of the ruthenium 
emission signal was integrated upon each addition of the guest. The 
control experiments were performed in acetonitrile under the same 
conditions using LRu(ttp)21LPF6I2 as a model ruthenium compound 
without a recognition site in place of the ruthenium-cyclodextrin. 
The transient absorption spectroscopy experiments with AQC as a 
guest were performed in conditions similar to those used for the steady 
state emission experiments ([Ru(ttp)(ttp-fl-CD)(PF 6) 21 = 1.26 x 10 
M and [AQS] ranged from 7.18 x 10 to 2.86 x 10 M). 
In the case of the osmium metalloguest the experiments were 
performed in aqueous solution with 10% CH3CN as optimum conditions 
for binding and solubility. In the steady state luminescence experiments, 
excess (Ru(ttp)(ttp-fi-CD)][PF6]2 was used (ranged from 9.1 x I to 
3.03 x 10- M) in a solution of [Os"(biptpy)(tpy)][PF 2 (2.6 x 10_ 6  
M). The area of the osmium emission signal was integrated, after 
excitation at 490 and 662 can. For each excess of the host, an 
isoabsorptive solution of [Os"(biptpy)(tpy)][PF6]2 was prepared (from 
1.16 x lO to 4.25 x 10' M) and the osmium emission signal was 
integrated. The different integrations were compared, by calculating 
the ratios j490/1490,,  and 1662/1662  .. In the time-resolved experiments 
excess [Os"(biptpy)(tpy)][PF 6] 2 was added (2.35 x 10 M) to LRu-
(ttp)(ttp-fl-CD)][PF 61 2 at a concentration of 3.15 x I0 M. The Os-
(III) complex was generated in situ by addition of an equimolar amount 
of (NH4)4Ce(504)4 in 6% l-1NO3 to the solution used in the aforemen-
tioned study following a procedure described previously. 25 
Binding Studies. The assembly of the guests in the cyclodextrins 
was independently examined by monitoring the intrinsic luminescence 
properties of the guests. 2t Permethylated $-cyclodextrin was used as a 
model compound with no interfering UV-vis absorption bands for the 
study of guest inclusion properties. Luminescence properties of the guest 
molecules change upon inclusion in the cyclodextrin cavity due to a 
more nonpolar and sterically restricted environment. A 70 W Xe lamp 
was employed for the excitation of quinones to avoid their decomposi-
tion under long UV exposure. The binding studies were performed in 
buffer solutions as the ruthenium-quenching experiments. Microliter 
quantities of a concentrated solution of cyclodextrin were added to the 
respective quinone solution ([AQSJ = 1.02 x 10-4  M and [AQC] = 
1.72 x 10 M). Excess the cyclodextrin was attained in each case: 
7-100 times excess (7.07 x 10 to 1.06 x 1 2 M) in the AQS case, 
and 7-77 times excess in AQC solution (1.28 x 10 to 1.32 x 10 2 
M). Following each addition the solution was stirred for 8 min to ensure 
equilibration. The data of the emission signal were obtained by 
integration of the signal in the area of 360-752 on and interpreted by 
nonlinear least-squares fitting methods to yield binding constant values, 
K,, for a 1:1 equilibrium between the host and the guest molecule. We 
estimated binding constants of 860 ± 200 and 1100 ± 100 M' for 
the inclusion of AQC and AQS, respectively, in permethylated 
16-cyclodextrin. BQ binding was not examined by this method due to 
the instability of the compound under UV excitation. However, a 
binding constant of around 100 M' for BQ binding can be calculated 
from the quenching experiments of the ruthenium-cyclodextrins. 
Excess quinones were used in the quenching experiments of the 
ruthenium-cyclodextrin luminescence to ensure that most of the guest 
was bound (in saturation conditions 85% for AQS and 77% for AQC). 
The binding of metalloguests was estimated by inclusion studies of 
De Cola, L.; Balzani, V.; Darigelletti, F.; Flamigni, L.; Belser, P.; 
von Zelewsky, A.; Franck, M.; VOgtle, F. inorg. Chem. 1993, 32, 
5228-5238. 
Davis, J. E. D.; Ripmeester, J. A. In Comprehensive Supramolecular 
Chemistry; Atwood, J. L., Davies, 1. E. D., MacNicol, D. D., Vogtle, 
F., Eds.; Pergarnon: Oxford, 1996; Vol. 8. 
biptpy in permethylated fl-cyclodextrmn. 27 In the case of the biphenyl- 
terpyridine an association of 2 x 10 4 ± I x 103  M -1 has been estimated. 
Synthesis. 4'4-(Bromomethyl)phenyl)-2,2':6',2"-terpyridine (up-
CH,Br).28 A solution of 4'(p-tolyl)-2,2':6',2"-terpyridine (0.65 g, 2.01 
morel), N-bromosuccinimide (0.37 g, 2.07 mmol), and dibenzoyl 
peroxide was left to reflux in 120 mL of carbon tetrachloride for 6 h. 
TLC analysis (A1203; diethyl ether/hexane 1:1) indicated that only 4'-
(p-(bromomethyl)phenyl)-2,2':6',2"-terpyridmne (R1 0.40) was formed. 
The yellow brown mixture was allowed to cool down to mom 
temperature, filtered, washed with 2 x 10 mL of water, and dried over 
anhydrous Na2504. The solvent was evaporated, and the residue was 
recrystallized from a 2:1 ethanol/acetone solvent mixture to yield the 
pure 4'--(bromomethyl)phenyl)-2,2':6',2"-terpyridine as a solid (0.46 
g, yield: 57%). 
'H NMR (250 MHz, CDCI3): 6 in ppm 8.72 (s, 211, 11-3'), 8.66 (d, 
.1 = 8.0 Hz, 411, 11-3 and 11-6), 7.92-7.83 (m, 411, H4 and Ho), 7.52 
(d, J = 8.2 Hz, 2H, Hm), 7.38-7.32 (m, 211,11-5), 4.56 (s, 21-I, -CH2-
Br). 
FAB-MS (NOBA matrix): m/z 402 (M + H}t 
Mono-6-hydroxy Permethylated fl.Cyclodextrin (P-CD-OH). 
The synthetic procedure of Bradshaw et al. was followed. 2' Purification 
was performed by flash chromatography, using a Biotage prepacked 
silica column (eluent system, ethyl acetate/methanol, 10:0.5; eluent 
system for TLC, ethyl acetate/methanol, 9:1), yielding mono-6-hydroxy 
permethylated fl-cyclodextrin (yield: 25%, RMLC) = 0.19) and penn-
ethylated fi.cyclodextrin (yield: 16%, RATLc) = 0.31). Characterization 
of the compound by NMR spectroscopy and mass spectrometry agrees 
with the previously published data. Selective data are given below. 
'H NMR (360 MHz, CDCIO: 6 in ppm 5.22 (d, J = 3.6 Hz, 111, 
H0,,-I), 5.15 (dd, 2H, Ho,,-1), 5.09 (d, J = 3.6 Hz, 3H, H01,-l), 5.02 
(d, J = 3.6 Hz, IH, HGt,-l), 3.92-3.69 (m, H01,-5,6), 3.6-3.3, (m, 
Ho,,-3,4,6'-OCH3), 3.22 (m, Horw2). 
ES-MS (MeOH): m/z 1438 {M + Na}t 730 (M + 2Na) 2 . 
Anal. Found: C, 51.7; H, 7.7. Calcd forC62H,10035-IHI0: C, 51.9; 
H, 7.9. 
fl-CD-ttp. To a solution offi-CD-OH (382 mg, 0.27 mmol) in 10 
ml, of dry THE cooled to 0 'C, sodium hydride (65 mg, 2.7 morel) 
was added with vigorous stirring. When addition was complete, the 
mixture was allowed to warm up to mom temperature and was kept at 
50-55 'C for I h. ttp-CH2Br (143 mg, 0.36 mmol) dissolved in 15 
ml, of THE was added at room temperature, and the solution was 
brought to reflux for 24 h. The reaction was followed by TLC (Al20 3; 
ethyl acetate/methanol, 10:0.1, R1 product = 0.54, mono-6-hydruxy 
permethylated fl-cyclodextrin = 0.22 and ttp-CH2Br = 0.96, respec-
tively). The reaction mixture was then hydrolyzed with a saturated 
aqueous solution of NaCI at 0 'C. Following evaporation of the THE, 
the aqueous phase was extracted with dichloromethane (4 x 50 mL). 
The combined organic phases were dried over Na2SO4, filtered, and 
concentrated. The solid obtained was purified by chromatography on 
alumina gel by using a mixture of ethyl acetate/ethanol, 10:0.1, as eluent 
(330 mg, yield: 71%). 
'H NMR (600 MHz, CDCI3): 5 in ppm 8.73-8.72 (m, 411, 11-3' 
and 11-6), 8.66 (d, J = 7.9 Hz, 211, H-3), 7.89 (d, J = 7.3 Hz, 211, 
Hm), 7.87 (m, 211, 11-4), 7.48 (d, J = 7.2 Hz, 2H, Ho), 7.35 (m, 211, 
H-5), 5.13-5.06 (m, 7H, How-I), 4.70 (d, J = 12.5 Hz, 111, -CH 2-
benzyl), 4.64 (d, J = 12.5 Hz, lH, -CH2-benzyl), 3.99 (dd, J = 10.6 
and 4.0 Hz, 111, Ho,,-6), 4.0-3.0 (m, -0CH3 and Hsrn-2,3,4,5,6). 
FAR-MS (NOBA matrix): m/z 1738 {M + H}. 
Anal. Found: C, 56.4; H, 7.4; N, 2.2. Calcd for C, 4 H, 25N3O35 -
3HiO: C, 56.3; H, 7.4; N, 2.3. 
Ru-CD-ttp)Cl3. fl-CD-ttp (90 mg 0.052 mmol) was added to a 
solution of RuCl3H2O (13.6 mg, 0.052 inmol) in IS mL of absolute 
ethanol. The mixture was heated at reflux for 4 It while vigorous 
magnetic stirring was maintained. The mixture was allowed to cool to 
room temperature, extracted with dichloromethane, and dried over 
Haider, J. M.; Pikramenou, Z. Manuscript in preparation. 
Collin, J.-P.; Guillerez, S.; Sauvage, 1.-P.; Barigelletti, F.; De Cola, 
L.; Flamigni, L.; Balzani, V. inorg. Chem. 1991, 30, 4230-4238. 
Chen, Z.; Bradshaw, J. S.; Lee, M. L. Tetrahedron Let:. 1996, 37 
(38), 6831-6834. 
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MgSO4  and the solvent was evaporated. The reaction gave 86 mg of 
Ru-CD—ttp)C1 3 (yield: 85%). 
FAB-MS (DMSO/3-NOBA matrix): m/z 1945 {M + H}t 
LQI-CD—t1p)Ru(ttp)1[PF 6 I 2. A mixture offl-CD—up (90 mg, 0.052 
mmol), Ru(ttp)C1 3 (13.6 mg, 0.052 mmol), and a few drops of 
N-ethylmorpholine in 7 mL of methanol was left to reflux for 24 h. 
After cooling to room temperature, the mixture was filtered through 
Celite and a methanolic solution of ammonium hexafluorophosphate 
(20 mg, 0.123 moral) was added to the dark red filtrate. The compound 
was extracted with dichloromethane and purified by size exclusion 
chromatography (BioBeads SX3; DMF/THF 1:1) (92 mg, yield: 58%). 
'H NMR (600 MHz, CDCI3): 6 in ppm 8.78 (s, 2H, H-3D, 8.77 (s, 
211, H,,-3D, 8.48 (d, .1 = 8.0 Hz, 411,11-3 and H,,-3), 8.08 (d, .1 = 8.1 
Hz, 2H, Hm), 8.00 (d, J = 8.0 Hz, 211, H,,-m), 7.79 (m, 411, 1-14 and 
Hup4), 7.64 (d, J = 8.1 Hz, 211, Ho), 7.40 (d, J = 8.0 Hz, 211, H,,-o), 
7.35 (m, 411,11-6 and H,-6),  7.15 (m, 411, H-S and Fl ttp S), 522-5.08 
(m, 711, Ho,,-l), 4.74 (d, J = 13.9 Hz, 111, —CH,-benzyl), 4.73 (d, .1 
= 13.9 Hz, IH, —CH,-benzyl), 4.15 (dd, J = 10.8 and 3.2 Hz, IH, 
H(,-6), 3.9-3.16 (m, —OCH3 and Flc,,-2,3,4,5,6). 
FAB-MS (NOBA matrix): m/z 2161 {M - [PF6]1, 2306 {M - 
2[PF6]} 2 , 2451 Mt 
UV—vis in CH3CN: A.,,., in jun (c  in M' cm') 490 (28600), 310 
(77600) 282 (72400). In HO: A,,, in run (e  in M' cm') 490(26000), 
310 (60100) 282 (58258). 
Anal. Found: C, 51.7; 11,6.1; N, 3.3. Calcd for C 1 06H, 4 2N6033 P 3F6-
Ru: C, 51.9; 11,5.8; N, 3.4. 
1(fl-CD — ttp)Ru(tpy)lII'F612. A similar procedure as for [(#-CD-
ttp)Ru(ttp)][PFJ 3  was followed using Ru(tpy)C13 and /3-CD—ttp. Yield: 
79%. 
'H NMR (600 MHz, CDCI3): 6 in ppm 8.78 (s, 311, H-3D, 8.64 (d, 
J = 8.2 Hz, 211, H,,-3'), 8.49 (d, J = 8.2 Hz, 211, H-3), 8.67 (d, I 
7.2 Hz, 211, H,-3), 8.09 (d, I = 8.1 Hz, 211, Hm), 7.83 (m, 211,11-4), 
7.79 (m, 211, Un-4),  7.67 (d, I = 8.1 Hz, 211, Ho), 7.39 (d, J = 5.1 
Hz, 211, H-6), 7.35 (d, I = 5.2 Hz, 211, H,-6), 7.29 (m, IH, H,4D, 
7.18 (m, 411,11-5 and H,-5), 5.22-5.08 (-,711, H on-l), 4.76 (d, J 
12.8 Hz, 111, —C11 3 -benzyl), 4.74(d,J— 12.8 Hz, Ill, —CH2-benzyl), 
4.15 (dd, J= 10.8 and 3.0 Hz, 111, H,,-6), 3.9-3.16 (m, —OCH3 and 
FAB-MS (NOBA matrix): m/z 2216 {M - [PF5]1, 2071 {M - 
2[PF6]} 2t 
UV—vis (CH 3CN): A. in nm (e  in M- ' cm') 483 (19000), 309 
(64000) 283 (45000). 
IRu(B-CD — ttp)21LPF6l2. A mixture of fl-CD—up (45 mg, 0.026 
normal), Ru(,6-CD—ttp)Cla (SI mg, 0.026 mmol), and few drops of 
N-ethylmorpholine in 7 mL of methanol was brought to reflux for 24 
It. After cooling to room temperature, the mixture was concentrated 
and a methanolic solution of ammonium hexafluorophosphate was 
added. The compound was extracted with dichloromethane, and the 
product was then purified by size exclusion chromatography (BioBeads 
SX3; DMF/THF 1:1) to give 65 mg of pure complex (yield: 64%). 
'H NMR (600 MHz, CDCI3): 6 in plan 8.78 (s, 411, H-3D, 8.50 (d, 
J = 7.9 Hz, 411, 11-3), 8.07 (d, I = 7.9 Hz, 4H, Hr.), 7.83 (m, 411, 
H-4), 7.64 (d, I = 8.0 Hz, 411, Ho), 7.39 (d, I = 5.3 Hz, 4H, 11-6), 
7.19 (m, 411,11-5)5.19-5.07 (m, 1411, Han-l),  4.73 (dd, 411, CH2-
benzyl), 4.12 (dd, 211, H01,-6), 3.9-3.16 (m, —OCH3 and H,,, 
2,3,4,5,6). 
ESMS (CH3CN): m/z 1788 {M - 2[PF6]1 2 '. 
UV—vis (CH3CN): A. in not (c  in M' cm') 490 (2.6 x 10), 
311 (6.4 x 10), 285 (6.5 x 10). 
[Os(biptpy)(tpy)][I'F6] 2 , [Os(tpy)(0H2)31[PF6] 3  (26 mg; 0.03 mmol) 
and biptpy (13.2 mg; 1.2 ea,) were heated at 120°C in  ml, of ethylene 
glycol for 30 mm. After subsequent cooling to room temperature, a 
methanolic solution of ammonium hexafluorophosphate was added, 
resulting in the precipitation of a brown powder, which was filtered 
oil and washed with water. The cmde compound was purified by 
chromatography on silica (eluent: CH3CN/aqueous saturated solution 
of KNO3, 9:1). The pure complex was precipitated by addition of a 
methanolic solution of NH4'F 6, to give 26 mg (0.024 mmol, yield: 
79%). 
'H NMR (600 MHz, CD301y: 6 in ppm 9.32 (s, 211, H-3D, 8.95 
(d, I = 8.2 Hz, 2H, H,-3'), 8.86 (d, I = 8.1 Hz, 211, H-3), 8.66 (d, I 
JN 
It a b a m 
= 8.0 Hz, 2H, 11,-3), 8.35 (d, I = 8.3 Hz, 2H, Ha/b), 8.00 (d, I = 8.4 
Hz, 211, Ha/b), 7.98 (t, I = 8.2 Hz, 111, 11,-4D, 7.86 (ddd, I = 8.0, 
7.9 and 1.4 Hz, 211, 114), 7.84 (did, I = 8.1, 8.0 and 1.5 Hz, 211, 
H,py 4), 7.78 (d, J = 8.2 and 1.2 Hz, 211, Ho), 7.53 (t, I = 7.8 Hz, 2H, 
Hm), 7.43 (d, I = 5.2 Hz, 211, 11'pr6)'  7.41 (dd, I = 7.4 and 1.2 Hz, 
111, Hp),  7.34 (dd, I = 5.8 and 0.7 Hz, 2H, 11-6), 7.19 (ddd, I = 7.4, 
6.0 and 1.3 Hz, 4H, H-S and H,n-S). 
FAB-MS (NOBA matrix): m/z 810 {M - 2[PF6]} 2 . 
UV—vis in CH3CN: A. in nm (e  in M' cm') 662 (5125), 485 
(21200). In CH 3CN/l1 30 (1:9): A,,,,, in nm (c  in M' cm') 662(4820), 
485 (20770). 
Anal. Found: C, 44.8; 11, 2.7; N, 7.4. Calcd for C 42H30N6P3F60s: 
C, 45.9; 11, 2.8; N, 7.6. 
Results and Discussion 
Synthesis. Cyclodextrin substitution chemistry has attracted 
a lot of interest for the wealth of functionalization patterns 
available for the primary and secondary glucose hydroxyl 
groups.3° A prerequisite for our design was solubility of the 
metallocyclodextrins in both aqueous and organic solvent 
systems, in order to achieve isolation of the pure complexes by 
chromatographic methods as well as to perform the binding of 
the photoactive guest in aqueous conditions to ensure strong 
association. For this reason we chose to work with methylated 
cyclodextrins. The flinctionalization of the fi-cyclodextrin with 
one metal coordinating unit was achieved by employing a 
cyclodextrin with only one reactive group and blocking all the 
rest by methylation of the hydroxy sites (Scheme 1). 
Mono-6-hydroxy permethylated fi-cyclodextrin -CD—OH) 29 
fitted our design for a precursor. The attachment of a terpyridine 
unit was achieved using Williamson ether conditions' 4 t' via the 
bromide of 4'(p-tolyl)-2,2':6',2"-terpyridine. The ruthenium 
complexes were prepared by a modification of a standard 
method for the synthesis of 2,2':6',2"-terpyridine complexes, 3 ' 
via a stepwise addition of the two terpyridines to the metal 
center. In the first step, the paramagnetic [Ru(tpy-)QCI 3] [X' 
H, tolyl, 4--cyclodextrmn)tolyl] was isolated; it was then treated 
with N-ethylmorpholine, which is a mild reducing agent, and 
,8-CD --- ttp to give homoleptic [Ru(,8-CD—ttp)2]2  and hetero-
leptic (Ru(ttp)-CD—ttp)] 2 and [Ru(tpy)-CD—ttp)] 2 com-
plexes. The metallocyclodextrins proved to be very soluble in 
alcoholic solution; therefore, precipitation by anion displacement 
was not successful and size exclusion chromatography was 
employed to give the pure complexes. The yields are in the 
same range as those for substituted terpyridine ruthenium 
complexes. 32 
In order to form an osmium complex that can act as a guest 
we designed a ligand with a hydrophobic tail to be attached to 
the photoactive metal center. Biphenyl-based moieties have been 
Khan, A. R.; Forgo, P.; Stine K. J.; D'Souza, V. T. C/tern. Rev. 1998, 
98, 1977-1996. 
Maestri, M.; Armaroli, N.; Balzani, V.; Constable, E. C.; Cargill 
Thompson, A. M. W. inorg. Chem. 1995, 34, 2759-2767. 
Constable, E. C.; Cargill Thompson, A. M. W.; Tocher, D. A.; Daniels, 
M. A. M. New J. Chem. 1992, 16, 855-867. 
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Figure 1. The 600 MI-h 'H NMR spectra of (a) up-fl-CD and (b) [Ru(ttp)(ttp-fl-CD)][PF 6] 2 in CDCI3. Assignments of some protons are indicated. 
reported to form inclusion complexes with cyclodextrins. 33 A 
4'-(4-biphenyl)-2,2';6',2"-terpyridine (biptpy) ligand which was 
recently reported" and which is also easily accessible via 
Khronke synthesis fitted our design. The heteroleptic complex 
[Osiptpy)(tpy)] [PF6]2 was prepared with a good yield, using 
the procedure described by Brewer et al. 2 ' This synthesis, 
starting from the commercially available osmium trichloride, 
avoids the formation of a mixture of homoleptic and heteroleptic 
complexes, by a stepwise addition of the ligands to the metal. 
Due to the poor reactivity of Os(tpy)C1 3 , [Os(tpy)(H20)3][PF6]3 
is used as a synthetic intermediate. 
Characterization. All reported compounds have been char-
acterized by 'H NMR spectroscopy and mass spectrometry. 
High-field NMR methods have proven to be successful in the 
identification and characterization of unsymmetrical substituted 
cyclodextrins where the seven glucose units become nonequiva- 
(33) (a) Sanemasa, I.; Wu, J. S.; Toda, K. Bull Chem. Soc. Jpn. 1997, 70, 
365-369. (b) Yamamoto, Y.; Yoshida, Y.; Tagawa, S. Bull Chem. 
Soc. Jpn. 1996, 69, 2163-2166. 
lent and each glucose unit has one set of different proton 
resonances. 34 Due to the similarity of the seven sugar rings, 
there is a high degree of spectral overlap of the protons and 
interpretation of single resonances becomes nontrivial. We 
employed ID and 2D homonuclear proton correlation (COSY, 
TOCSY) techniques for the identification of the ligand and the 
complexes. 
The ID 'H NMR spectrum of the ligand fl-CD—ftp shows 
the glucose resonances in the low-frequency and characteristic 
aromatic tolyl—terpyridine signals in the high-frequency part 
(Figure Ia). 
Integration of signal intensities of the two regions gives a 
1:1 signal ratio confirming monosubstitution of the cyclodextrin 
by the ligand unit. The methylene protons of the ttp moiety 
appear at 43 and 4.6 ppm. The original singlet of ttpCH2Br is 
split into a doublet of doublets due to the chiral nature of the 
substituted fl-CD---ttp and shifted to higher frequency compared 
(34) Spencer, C. M.; Stoddart, J. F.; Zarzycki, R. J. Chem. Soc., Perkir, 
Trans. 2 1987, 1323-1336. 
Metallocyclodextrins as Building Blocks 	 Inorganic Chemistry, VoL 40, No. 16, 2001 3917 
H 
-k----° 
I 	 H3C0 
(3.5) H * 	S 	56' 4 	3 	2 
	
(11.0, (11.0, 08.9. (9.3. (9.3. 
4.0) 	1.7) 9.5) 	8.9) 	 3.5) 
1-,,,7--r-1 -r,1,, II!,,, 
4.8 	4.6 	4.4 	4.2 11 4.0 	 3.2 
Figure 2. The 600 MHz ID 'H TOCSY spectrum of ttp-fl-CD in COd3. Only the region of the glucose protons is shown; selective excitation of 
an H-6 proton reveals the rest of the protons of the substituted glucose ring. An asterisk () indicates ethyl acetate presence in the sample; coupling 
constants are given in parentheses. 
to the starting material confirming the replacement of the 
bromide with the newly formed ether bond. The shifts obtained 
for the aromatic region of fl-CD-up are very similar to those 
of ttp, as anticipated. The H-3' protons of the central pyridine 
ring appear as a singlet at a lower field, close to a doublet for 
the H-6 protons. The peak of the 11-6 protons shows cross peaks 
to the multiplets at 7.4 and 7.9 ppm in COSY and TOCSY 
experiments, which were identified as protons on the 11-5 and 
11-4 positions, respectively. A further cross peak with the doublet 
at 8.7 ppm is assigned to the 11-3 position. The doublets of ortho 
and meta protons of the tolyl ring at 7.5 and 7.8 ppm, 
respectively, just show coupling to each other and were 
identified by their chemical shifts. 
Cyclodextrin resonances of fl-CD--ftp appear between 5.2 
and 3.1 ppm. The seven anomeric protons are very distinctive 
and were found in the region of 5.1 plan. They consist of a set 
of seven doublets, with the doublet at the highest frequency 
assigned to the substituted glucose unit. Starting from the 
anomeric protons, one can assign sequentially the protons in a 
given sugar from COSY and TOCSY experiments. 11-2 signals 
were found in the region at 3.2 ppm, 11-3 signals at 3.5 ppm, 
and 114, 11-5, and H-6 signals in the region from 3.6 to 3.9 
ppm. The methoxy groups are shown at 3.1, 3.5, and 3.6 ppm 
for the 6-, 2-, and 3-methoxy groups, respectively, in agreement 
with previous reports. 35 Of special interest is the doublet of 
doublets at 4.0 ppm, which belongs to one of the two 
diastereotopic 11cj'u6 protons of the substituted glucose ring. A 
selected pulse on that resonance in a ID TOCSY experiment 
reveals the protons of the substituted glucose ring which can 
be easily assigned as shown in Figure 2. 
The diastereotopic 11-6 and H-ti' show an II Hz coupling 
between them and two different couplings to 11-5, 4.0 and 1.7 
Hz, respectively. The coupling constant of 4 Hz indicates an 
angle between the H-ti and H-S protons close to 90 0 . The rest 
of the proton coupling constants agree with the pattern com-
monly found for axial/equatorial positions in glucose rings. This 
suggests that the substitution has not altered the conformation 
of the glucose ring. 
The 'H NMR spectra of [Ru(ttp)-CD-up)]2 and [Ru(tpy)- 
-CD-ttp)] 2 can be described as the sum spectra of [Ru-
(t1p)2 2 /[Ru(tpy) 2]2 and [Ru(O-CD-ttp)2] 2 . The [Ru-CD--
ttp)2]2+ complex is a highly symmetric compound and shows a 
simple 'H pattern for the aromatics. The 600 MHz 'H NMR 
(35) Johnson, J. R.; Shankland, N.; Sadler, I. H. Tetrahedron 1985, 41, 
3147-3152. 
spectrum of [Ru(ttp)(0-CD-ttp)] 7 (Figure lb) revealed several 
shifts in comparison to the free ligand fl-CD-Up. In the aromatic 
part, a remarkable upfield shift of the 6-protons (-1.1 ppm) 
due to ruthenium complexation was observed. The rest of the 
shifts are consistent with those observed in previous studies 32 
for complexation of terpyridine ligands with metal centers. In 
the aliphatic part, the two diastereotopic benzyl methylene 
protons are shifted downfield with a slightly higher coupling 
constant, indicating a conformational change upon metal com-
plexation. 
Cyclodextrin resonances are found between 5.2 and 3.2 ppm. 
The anomeric protons around 5.1 ppm were dispersed in a 1:1: 
3:1:1 ratio with the doublet of the substituted unit coming at 
lowest field. No changes of the coupling constant were observed 
upon metal complexation. The separated diastereotopic 11GU6 
in the substituted glucose unit appear at lower frequency than 
the free ligand with a smaller coupling constant to For 
the rest of the cyclodextrin resonances, which appear between 
3.9 and 3.2 ppm, only minor shifts compared to the free ligand 
were found. 
The redox potentials of the ruthenium cyclodextrin com-
pounds are very similar to the parent compound [Ru(ttp) 2 ]21 .36 
Oxidation potentials in acetonitrile solutions (0.03 mM) were 
+0.83 and +0.86 V vs Fc/Fc, and reduction potentials are at 
-1.63 and -1.62 V vs Fc/Fc for [Ru(ttp)-CD-ttp)] 2 and 
[Ru-CD-ttp)21 2 (electrolyte was tetrabutylammonium 
hexafluorophosphate). 
Luminescence Studies. Photophysical Properties of Ru-
thenium Cyclodextrius and Osmium Metalloguests. The 
ruthenium-cyclodextrin complexes showed luminescence at 640 
am from the 3MLCT excited state as expected (Figure 3). 
The attachment of cyclodextrin cavities at ruthenium photo-
active units permits photophysical studies in both aqueous and 
organic solvents due to the versatile solubility properties of the 
methylated cyclodextrin cavity. Although the A. of the 3MLCT 
luminescence is not significantly shifted in comparison with Ru-
(ttp)22+, the luminescence lifetimes and quantum yield values 
for [Ru(ttp)(fl-CD-ttp)J[PF 6J2 and [Ru-CD-ttp) 21[PF6]2 in 
acetonitrile are slightly higher. The luminescence quantum yield 
of the Ru-cyclodextrin compound [Ru(ttp)-CD-ttp)] 2 in 
acetonitrile is b = 4.1 x 10 whereas for the parent compound 
it is 3.2 x 10. Also the excited state lifetime is slightly 
longer: r = 1.9 as [Ru(ttp)(fl-CD-ttp)] 2 versus r = 0.95 as 
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Figure 3. Luminescence spectra of [Ru(ttp)(ttp-fl-CD)][PF 6J 2 in CH, 
CN (dashed curve) and H 20 (solid line). The intensity is not to scale. 
[Ru(ttp)2]2+.36 In a previous report of a ruthenium cyclodextrin 
a decrease in the luminescence lifetime was observed upon 
comparison with the parent compound due to steric constraints 
involving a 6-substituted bipyridine ligandj4a  In our case we 
can conclude that there is no steric hindrance to influence the 
luminescence properties of the units. However, it is interesting 
to note that due to the weak luminescence of the Ru(ttp)22+ 
unit, Raman bands of the solvent are observed in the lumines- 
cence spectrum at 570 nm for acetonitrile and 590 nm for water 
(for A = 490 rum) that can obscure the luminescence signal 
in some cases. 37 We have employed the luminescent ruthenium 
cyclodextrins to study communication of the ruthenium center 
with quinone guests and metalloguest molecules included in the 
cyclodextrin cavity in aqueous solutions. 
Osmium complexes are attractive candidates as energy 
acceptors in multimetallic assemblies with ruthenium-based 
chromophores due to their low-lying SMLCT.sh  We have 
designed an osmium metalloguest [Os(biptpy)(tpy)][PF 6] 2 bear- 
ing a biphenyl tail to bind to the cyclodextrin cavity. The [Os- 
(biptpy)(tpy)J 2 is luminescent at room temperature with an 
emission band maximum at 730 rum in 10% CH 3CN/water. 
Transient absorption spectra of the separate chromophores 
[Ru(ttp)3-CD—ttp)][PF 6J2  and [Os(,iptpy)(tpy)] [PF6]2 in 10% 
CH3CN/water are shown in Figure 4. Clearly the spectra of both 
systems are characterized by a relatively strong MLCT absorp-
tion and extensive ground state bleaching, around 490 tIm. 
Maxima are observed at 380, 595, and 750 (sh) nm for the 
ruthenium complex and at 378, 417, 580, and 760 nm for the 
osmium species. Lifetimes of the excited states are ca. 1.9 as 
for the [Ru(ttp)(ttpflCD)] 2 F and 100 ns for the [Os(biptpy)- 
(tpy)] 2 (in the presence of oxygen). Well-resolved spectra of 
the MLCT states of these types of compounds have not been 
reported before. 38 
Quinone Guest Quenching. We investigated the effect of 
quinones as redox-active guests on the luminescence properties 
of the ruthenium cyclodextrins (Scheme 2). 
Sauvage, 1. P.; Collin, J. P.; Chambron, J. C.; Ouillerez, S.; Coudret, 
C.; Balzani, V.; Barigelletti, F.; Decola, L.; Flamigni, L. Chem. Rev. 
1994, 94, 993-1019. 
An artifact on the shape of the luminescence signal was previously 
	
observed although the reported A 	were correct. 
Winkler, J. R.; Netzel, T. L.; Creutz, C.; Satin, N.J Am. Chem. Soc. 
1987, 109, 2381. 
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Figure 4. Representative transient absorption spectra of [Ru(ttp)(ttp- 
fl-CD)] 2 (a) and [0s(biptpy)(tpy)] 2 (b). Conditions for [Ru(ttp)(ttp- 
fl-CD)] 2 : incremental time delay I ns; 500 accumulations; 30 frames; 
= 450 nm; A(A,,) = 0.4. Conditions for [Os(biptpy)(tj5y)} 1 : 
incremental time delay 20 ns; 500 accumulations; 20 frames; ).,, = 
450 nm; A(A,) = 0.25. 
Quinones are popular electron acceptors for photoinduced 
reduction processes, involved in many examples in supramo-
lecular assemblies. 39 Their molecular recognition properties 
based on hydrophobic interactions with the cyclodextrmn cavity 
are well established .40 
Preliminary results in our group showed quenching of the 
ruthenium luminescence in [Ru(ttp)(ttp-fl-CD)] 2 by addition 
of AQC indicating an electron transfer process.16(0  We have 
now carried out further studies to optimize the conditions by 
using different quinones and therefore varying the properties 
of the cyclodextrmn binding as well as the redox properties of 
the guest. We have chosen AQC, AQS, and BQ due to their 
suitable redox potentials and their enhanced water solubility 
compared to those of other quinones. The luminescence spectra 
of a typical quenching experiment are shown in Figure 5. 
The experiments were carried out in buffered aqueous 
solutions instead of water/acetonitrile to obtain better binding 
due to the increased ionic strength of the solution. Upon 
irradiation at the ruthenium 'MLCT band at 490 nm, the 
ruthenium emission intensity at 640 mu decreases with increas-
ing concentration of the quinone acceptor. Addition of microliter 
aliquots of AQS, AQC, and BQ to a solution of [Ru(ttp)(ttp-
$-CD)][PFJ2 leads to 40%, 20%, and 25% quenching of the 
ruthenium 3MLCT emission, respectively (Figure 6). 
Excited state lifetimes of the quenched component could not 
be determined since the strong absorption of the quinones at 
the excitation wavelength used for the time-resolved emission 
(a) Arirnura, 1.; Brown, C. T.; Springs, S. L.; Sessler, J. L. Chem. 
Commun. 1996,2293-2294. ) Kuroda, Y.; Ito, M.; Sera, T.; Ogoshi, 
H. J. Am. Chem. Soc. 1993, 115, 7003-7004. 
Adar, F.; Degani, Y.; Goren, Z.; Willner, 1. .1 Am. Chem. Soc. 1986, 
108, 4696-4700. 
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Figure 5. Luminescence spectra of [Ru(ttp)(ttp-fl-CD)]PF 61 2 (2.8 x 
10-5 M) In a typical quinone quenching experiment in buffer (pH = 
7). Addition of 2-62 molar equiv of AQS. 
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Figure 6. Stem Volmer plots of the luminescence quenching of [Ru-
(ttp)(ttp.fl-CD)] 2 ' and [Ru(ttp-fl-CD)2] 24  by quinones. [Ru(ttp)(ttp-fl-
CD)] 2  and AQS (<C'), lRu(ttp)(ttp./9-CD)1 2 and AQC (0), LRu(ttp)(ttp. 
fl-CD)] 2 and BQ (0), and [Ru(ttp.fi-CD),]' and AQS (A). 
(324 nm) results in strong interfering emission. An estimate of 
the photoinduced electron transfer rate can be obtained by using 
emission intensities: k 0 = (J/J - 1)/to. Correcting for the 
amount of uncomplexed species results in rates of the electron 
transfer process of 5 x lOt and 3 x 10 s for respectively 
AQS and AQC. 
Control experiments using [Ru(ttp)2](PF6] 2 and quinones 
under the same conditions show no effect on the ruthenium 
luminescence, excludingany bimolecular contribution to the 
quenching. The assembly of the photoactive pair via the 
cyclodextrin cavity is necessary for the quenching to be 
observed. In saturation conditions, 85% for AQS and 77% for 
AQC are bound (KAQC = 860 ± 200 M', and KAQ5 = 1100 ± 
100 M'). The luminescence quenching may be attributed to 
an intercomponent electron transfer from the appended ruthe- 
nium center to the quinone guest inside the cavity. The driving 
force for the quenching of the MLCT emission depends on the 
reduction potential of the quinone, the oxidation potential of 
Ru(1I)/(III), and the excited state energy of ruthenium. In our 
case, comparison of the quinone redox potential is satisfactory 
to give an indication of the relevant AGO since the same donor 
(ruthenium center) is employed. The E, values of the quino- 
nes41  are —0.74, —0.68, and —0.51 V for AQC, AQS, and BQ, 
suggesting a higher driving force for BQ than AQS than AQC. 
Although estimates of the AGO values can be calculated by using 
AG = e[E05 - End] - EOO 
large errors are involved by the nature of the solvents employed 
and the measurement of redox potentials. The AQS binding is 
similar to the AQC binding, and the strongest quenching is 
attributed to the more favorable driving force. However, the 
weak binding of the BQ in the cyclodextrin cavity is responsible 
for the smaller quenching effect influencing distance and 
orientation factors. Although the quenching effect is not as 
pronounced as in the case of the ruthenium tris-bipyridine 
complex with an anthraquinone42 attached at the back of one 
of the bipyridines, it is a considerable effect for a noncovalent 
intercomponent interaction between the two units. When the 
ruthenium bis-cyclodextrin complex, [Ru-CD--ttp) 2][PF6 ] 2 , 
was used under similar conditions, a shallower slope in the 
quenching was observed (Figure 6) which may be attributed to 
the presence of more cyclodextrin available inclusion sites. 
Transient absorption spectroscopy was employed to examine 
the formation of the radical anion of the quinone as the transient 
species upon photoinduced electron transfer from {Ru(ttp)(,
CD—ftp)]' to the quinone. The transient differential absorptions 
upon nanosecond laser flash excitation at 459 not, of plain [Ru- 
(a) Meites L.; Zuman, P. Handbook of Organic Electrochemistry; CRC 
Press: Boca Raton, FL, 1976. (b) Bredereck, K.; Sommermann, F.; 
Diamantoglon, M. Chem. Ber. 1969, 102, 1053-1070. 
Oppermann, K. A.; Mecklenburg, S. L.; Meyer, T. J. lnorg. Chem. 




















3920 Inorganic Chemistry, Vol. 40, No. I& 2001 
	














400 500 600 700 800 
Wavelength (rep,) 
Figure 7. Transient absorption spectra of [Ru(ttp)(t1p-/3-CD)]" (1.26 
X 10-4M) in the presence (a) and in the absence (b) of 17 equiv of 
AQS: incremental time delay I ns; 200 accumulations; 10 frames, laser 
energy 1.8 mi/pulse, A, = 450 aim. The laser pulse at 450 aim is clearly 
visible as a negative signal. 
(ttp)-CDttp)J 2 and in the presence of excess AQS are 
shown in Figure 7. 
The transient differential absorption spectrum of [Ru(ttp)(,9- 
CD—ttp)]2  shows bleaching of the ground state absorption band 
at 490 run, in addition to new strong absorption bands at both 
higher (600 not) and lower (400 aim) wavelengths. The broad 
band centered at 600 nm is attributed to the ttp in accordance 
with previous studies in ruthenium complexes. 43 The an-
thraquinone radical anion is expected to absorb at 590 M,44  
which falls in the same area as the absorption of ttpm Upon 
addition of excess of AQS no apparent changes were observed 
in the general features of the [Ru(ttp)-CD—ttp)] 2 transient 
spectrum, besides an overall decrease of the MLCT state 
absorption. The overall decrease is in accordance with the steady 
state emission quenching. About 40% of the MLCT state is 
quenched. As an alternative method, the decay of the 600 nm 
band which indicated the recovery of the ground state was 
monitored. A decay with lifetime oft = 1.9 ns was measured, 
characteristic of the ruthenium species. The spectra are domi- 
nated by tqr absorption, which might be due to very fast back 
electron transfer. A similar problem was observed in the case 
of a ruthenium complex where the anthraquinone unit was 
attached covalently to the ligand. 42 Experimental limitations with 
the excitation wavelength of the single photon counting setup 
made it impossible to determine the emission lifetime decrease 
due to the strong emission of the quinone upon 324 rIm 
excitation. 
Osmium Metalloguest Communication. The photoinduced 
communication between the two metal centers, ruthenium and 
osmium, assembled by the cyclodextrin cavity can be established 
either by energy transfer due to the lower-lying 3MLCT state 
of osmium or by electron transfer from the ruthenium excited 
state to an Os(III) species. 
The energy transfer from the ruthenium-appended cyclodex-
trin [Ru(ttp)-CD--ttp)][PF 61 2 to the osmium(l1) guest has been 
Collin, J.-P.; Harriman, A.; Heitz, V.; Odobel, F.; Sauvage, J.-P. J. 
Am. Chem. Soc. 1994, 116, 5679-5690. 
Fujita, M.; Ishida, A.; Majima,T.; Takamuku, S..!. Phys. Chem. 1996, 
100, 5382-5387. 
examined in aqueous solutions using steady state and time-
resolved luminescence experiments. To demonstrate energy 
transfer from the Ru(I1) to the Os(1I) by steady state lumines-
cence spectroscopy, sensitization of the osmium luminescence 
or quenching of the ruthenium emission is expected upon 
excitation to the ruthenium center. Due to the fact that these 
two chromophores have very close 1 MLCT energy levels, 
selective excitation on the ruthenium band is not possible. 
Therefore, the procedure described by Barigelletti et al. 45 using 
isoabsorptive solutions has been followed. In our case an excess 
of the [Ru(ttp)(fl-CD—ttp)] 2 was required to ensure inclusion 
of most of the osmium guest molecules (up to 63%, K = 2 x 
iO M)27 inside the ruthenium—cyclodextrmn cavity. Different 
ratios of [Os(biptpy)(tpy)] 2+/[Ru(ttp)(,8CD_ttp)] 2+ were ex-
amined for sensitization of the osmium emission. However, no 
sensitization could be observed within the experimental error 
of the experiment. The decay of the ruthenium emission was 
also monitored by addition of an excess of the osmium guest. 
Even though a short component was observed when a ratio of 
8:1 was employed (80% of the guest was bound), it was only 
a small percentage of the signal (10%) and its assignment is 
ubiquitous due to the limitations of the accuracy of the 
experiment. The inefficiency of the energy transfer between 
terpyridine-based ruthenium/osmium conjugates has been previ-
ously observed via saturated spacers 46 between the two chro-
mophore units and has been attributed to the short-lived 
luminescence of the donor and a relatively small driving 
force. 
The noncovalent communication between the ruthenium-
cyclodextrin compounds and an osmium metalloguest was also 
studied by making use of the well-known chemical oxidation 
of the Os(1I) to Os(1I1) and studying the ruthenium(H) to 
osmium(III) photoinduced electron transfer (Scheme 3). The Os-
(Ill) species, generated by using cerium(IV) as an oxidizing 
agent.4748 is a good electron acceptor that can quench the 
ruthenium-based MLCT luminescence (AGO —1.6 eV). 34 
The lifetime of Ru(l1) is quenched by the presence of 7 molar 
equiv of Os(III) metalloguest. The time-resolved luminescence 
experiment results, Figure 8, show that the unquenched ruthe-
nium has a lifetime of 1.9 ns; in the presence of Os(III) 
deconvolution of the lifetime decay reveals a component of 100 
± 10 p5 (80%) and a component of 1.9 ns (20%). The fast 
component is attributed to electron transfer from Ru(l1) to Os-
(Ill) giving an electron transfer rate 9.5 x 10 s. Whereas 
the addition of [Os(biptpy)(tpy)][PF 6] 2  or (NI-144Ce(804)4 does 
not change the luminescence lifetime of [Ru(ttp)(ttp-$-CD)]-
[PF6] 2 , its lifetime is strongly reduced in the presence of both 
components. 
Independent binding studies of the guest to the cyclodextrin 
demonstrate that in the same conditions 80% of the osmium 
guest is bound. This indicates the high efficiency of the 
photoinduced electron transfer process as expected of the high 
AGO. 
Barigelletti, F.; Flamigni, L.; Balzani, V.; Collin, J.-P.; Sauvage, .1.-
P.; Sour, A.; Constable, E. C.; Cargill Thompson, A. M. W. I. Am. 
Chem. Soc. 1994, 116, 7692-7699. 
(a) Sauvage, 1.-P. Flammarstrom, L.; Barigelletti, F.; Flamigni, L.; 
Armaroli, N.; Sour, A.; Collin, J.-P. J. Am. Chem. Soc. 1996, 118, 
11972-11973. (b) Barigeltetti, F.; Flamigni, L.; Balzani, V.; Collin, 
J.-P.; Sauvage, J.-P.; Sour, A. New.!. C/acm. 1995, 19, 793-798. 
De Cola, L.; Balzani, V.; Barigelletti, F.; Flamigni, L.; Belser, P.; 
Von Zelewsky, A.; Frank, M.; Vogtle, F. !norg. Chem. 1993, 32, 
5228-5238. 
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Figure 8. Time-resolved emission of [Ru(ttp)(ttp-fl-CD)] 2 in 10% 
Cl-l 3CNiwater in the absence and in the presence (signal with short 
component) of 7 equiv of [Os(biptpy)(tpy)1 3 metalloguest (A = 324 
nm). 
Measurements of [Ru(ttp)2]2+  under identical conditions do 
not show quenching of the ruthenium lifetime. In the [Ru-
(ttp)(ttp-fl-CD)][PF6]2 system, the photoinduced electron transfer 
is mediated by supramolecular cyclodextrin complexation: a 
photoinduced intercomponent process. 
Conclusions 
Photoactive ruthenium—cyclodextrins have been shown to be 
versatile building blocks for the design of supramolecular 
assemblies encompassing donor/acceptor units. Quenching of 
the ruthenium luminescence by quinone guests is observed 
indicating an intramolecular process via the cyclodextrin cavity, 
which is optimized when AQS is used as the electron acceptor 
guest. Metalloguests have also been assembled with the 
ruthenium cyclodextrins to study the communication between 
the metal centers. Electron transfer from the ruthenium(II) center 
appended to the cyclodextrin to an osmium(III) metalloguest 
in the cyclodextrin cavity has been observed. The photoinduced 
process between the two metal centers is established via 
noncovalent bonds in aqueous solutions. 
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The use of it-stacking interactions to control the aggregation of photo-active metal centres is explored through the 
design of bis(2,2';6',2"-terpyridyl) metal complexes functionalised with biphenyl 'tails'. Aryl-aryl interactions 
control the aggregation of the metal complexes into polymetallic arrays in the solid state. Cobalt(l), ruthenium(H), 
nickel(rr), copper(u), zinc(u) and cadmium(n) bis-ligand complexes and a mixed ligand ruthenium(n) complex have 
been structurally characterised. The solid-state structures are dependent on which units dominate the it-stacking. 
For cobalt, ruthenium, nickel and copper, biphenylene-biphenylene interactions lead to linear rod-like arrays, while 
for the group 12 d' ° ions zinc and cadmium, biphenylene-pyridyl interactions lead to two-dimensional sheets. The 
addition of the biphenylene tail has favourable effects on the photophysical-properties of the complexes which exhibit 
room temperature red (ruthenium) or blue (zinc and cadmium) luminescence, both in solution and the solid state. 
Introduction 
The design of linear and branched (dendritic) polynuclear 
coordination arrays has attracted considerable recent interest. 
In view of 'ffl'e exciting electrochemical and photophysical 
properties of polypyridyl metal complexes.' the construction 
of multi-metallic arrays containing polypyridyl centres has 
been a particular focus. Construction approaches have 
focused mainly on covalently-linked systems through which 
discrete oligomers of controlled nuclearity' or infinite 
polymers"' may be generated. Such discrete polynuclear 
arrays are proposed as potential supramolecular devices, 
exhibiting properties such as light-harvesting and energy-
funneling,' while polymeric systems have been used as novel 
polyelectrolytes which can be incorporated into devices.' 
These covalent systems generally require multi-step (often 
low-yielding) syntheses. Non-covalent (supramolecular) 
approaches to generate multimetallic arrays have received less 
attention and have centred primarily on the use of hydro-
gen bonding. 10-14  Fleterobirnetallic systems have been 
prepared by linking metal complexes through nucleic 
acids '°' and polymetallic arrays prepared through carboxylic 
acid dimerisation.' 4 A drawback to the use of hydrogen-
bonding interactions is the poor solubility often associated with 
the precursors. This is especially true for nucleic acids. 
We reasoned that aryl-aryl (it-stacking) non-covalent inter-
actions might offer an alternative means of controlling the 
assembly of photo-active metal centres. While such interactions 
have proved a powerful tool for linking organic molecules into 
t Electronic supplementary information (EST) available: rotatable 3-1) 
crystal structure diagrams in CHIME format, structure and packing 
diagrams for the Co, Cd, Zn and Ru complexes. See http:f/ 
www.rsc.org/suppdataidtTh0fb000871k  
Current address: School of Chemistry, The University of 
Birmingham, Edgbasten, Birmingham, UK B15 2TT. E-mail: 
Z,Pikramenou@bham.ac.uk  
001: 10.1039/b000871k 
crystal-engineered structures," their combination with poly-
pyridyl metal complexes has received scant attention." Impor-
tantly, the introduction of aromatic residues onto the outside 
of polypyridyl complexes should not be detrimental to their 
redox and photophysical properties. Indeed introduction of a 
tolyl group confers both increased extinction coefficients and 
extended emission lifetimes on ruthenium(n) and platinum(,,) 
terpyridyl complexes 4.17 
Our design strategy, therefore, was to add poly-aryl 'tails' to 
the outside of metal complexes and to use the interactions 
between these tails to control the aggregation of the metal 
centres into polymetallic arrays. To investigate this approach we 
chose biphenylene units as our poly-aryl 'tails'. This extended 
aryl system is capable of acting as a self-recognition motif 
(forming aryl-aryl interactions with another biphenylene unit) 
without introducing the solubility problems associated with 
larger aryl systems, such as pyrene. While biphenyl-biphenyl 
interactions should not be strong enough to cause complex 
aggregation in solution (except at very high concentrations), 
they should be adequate to achieve directionally-controlled 
aggregation in the solid state. This property is desirable, as it 
permits the discrete units from which the solid-state polymer is 
comprised to be fully characterised by the usual array of solu-
tion techniques. In contrast, traditional crystal engineering is 
solely dependent on solid-state techniques (most usually X-ray 
crystallography) for characterisation. We have focused our 
initial studies on biphenyl-substituted complexes of the simple 
polypyridyl ligand 2,2';6',2"-terpyridine (tpy), since the 
coordination chemistry of the unsubstituted tpy ligand with 
metal dications is well established 18,19  and tpy-based poly-
pyridyl ligands have been used extensively in metallo-
supramolecular design. As enunciated by Constable,' in 
contrast to 2,2'-bipyridine, tpy complex formation does not 
introduce complications of chirality. We believe that the 
strategy developed herein may be extended to a wide variety of 
alternative metallo-supramolecular arrays. 
./ Chem. Soc., Dalton Trans., 2000, 1447-1461 	1447 
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Tablet 250 MHz 'H NMR chemical shift ô) data for biptpy and other relevant ligands in CDCI J solution at 298 K 
H6 H5 H4 H3 113 	114 	Ha/b 	Ho/rn 	Hp 
biptpy 8.73 7.35 7.89 8.69 8.78 	 8.01. 7.74 	7.67, 7.47 	7.47 
phtpy 8.71 7.35 7.89 8.68 8.75 7.91, 7.48 7.48 
tpy ,  8.70 7.34 7.86 8.63 8.46 	7.97 
Ref. 21 
Results and discussion 
Ligand preparation 
The ligand biptpy was prepared using the Krohnke approach 20 
Reaction of an equimolar amount of 2-acetylpyridine with 
4-biphenylcarboxaldehyde in aqueous ethanolic base at 0°C 
yielded a yellow precipitate of l-(2'-pyridyl)-3-(4"-biphenyl)-
2-propen-1-one in 95% yield. Reaction of the enone with one 
equivalent of N-{2-(2'-pyridyl)-2-oxoethyl}pyridinium iodide' ° 
in ethanol in the presence of ammonium acetate afforded a 
deep green precipitate, which was purified by recrystallisation 
from ethanol in the presence of activated charcoal to give 
biptpy as an off-white solid in 42% yield. 
biptpy 
The IR spectrum of biptpy reveals strong absorptions in the 
region 1600-1500 cm', corresponding to aromatic stretches, 
and the lack of carbonyl peaks confirms the absence of starting 
materials. The FAB mass spectrum of biptpy shows a single 
peak corresponding to EM + 11 and microanalytical data is 
consistent with the proposed formulation. The 'I-I NMR spec-
trum of biptpy in CDC], solution has been recorded and the 
chemical shift data is tabulated in Table I, together with 
the data for the related ligands tpy and 4'-phenyl-2,2':6',2"- 
terpyridine (phtpy). The 'H NMR spectrum of biptpy indicates 
that the ligand is symmetrical on the NMR time-scale and is 
readily assigned from the distinctive splitting patterns of the 
pyridyl resonances and the splitting patterns, coupling con-
stants and roofing patterns of the biphenylene protons; the 
spectral assignment has been confirmed by a COSY experi-
ment. Comparison with the data for the unsubstituted tpy 
ligand 2 ' reveals that the presence of the substituent causes 
the proton adjacent to the site of substitution (H') to shift 
downfield by 0.32 ppm, but the other pyridyl resonances are 
essentially unaffected. This downfield shift is anticipated for an 
adjacent aryl substituent and a very similar shift is observed in 
the spectrum of phtpy. 2 ' 
Transition metal complex formation 
Heating methanolic solutions containing two equivalents of 
biptpy with one equivalent of the acetate salts of cobalt(n), 
nickelQt), zinc(ll), cadmium(n) or copper(ti), or with the sulfate 
salt of iron(n), produced the complex cations [M(biptpy) 2]" 
which were isolated as their hexafluorophosphate salts in 
69-79% yield on treatment with ammonium hexafluoro-
phosphate. The corresponding tetrafluoroborate salts could be 
obtained through treatment with ammonium tetrafluoroborate. 
Two ruthenium(n) complexes were prepared. Reaction of 
[Ru(tpy)Cl,] with biptpy in methanol in the presence of 
4-ethylmorpholine, followed by treatment with methanolic 
ammonium - hexafluorophosphate afforded the mixed ligand 
complex [Ru(tpy)(biptpy)][PF 6] 2 in 590/. yield. Reaction of 
biptpy with ruthenium(m) trichloride in ethanol afforded 
[Ru(biptpy)C13] as a brown solid, which was reacted crude with 
a further equivalent of biptpy in methanol in the presence of 
4-ethylmorpholine. Treatment of this solution with ammonium 
hexaftuorophosphate afforded [Ru(biptpy)J[PF 6]2 as a red solid 
in 62% yield. Both of these ruthenium(u) complexes may also 
be isolated as their chloride salts by treatment of the reaction 
mixtures with lithium chloride or tetrafluoroborate salts 
through treatment with ammonium tatrafluoroborate. 
TheIR spectra of all these transition metal complexes exhibit 
peaks corresponding to the coordinated ligand and to the 
hexafluorophosphate counter-ion and partial microanalytical 
data for the complexes are consistent with the proposed formu-
lations. The FAB mass spectral data for the bis-ligand com-
plexes are also consistent with the proposed [M(biptpy) 2][PF6] 2 
formulation; all the complexes exhibit strong peaks for the 
parent ion [M(biptpy) 2(PF6)] 4 and, in most cases, peaks for the 
fragments [M(biptpy)2] and [M(biptpy)] are also observed. In 
the case of the mixed ligand complex [Ru(biptpy)(tpy)[PF 6] 2 , 
peaks corresponding to [Ru(biptpy)(tpy)(PF 6)], [Ru(biptpy)-
(tpy)], [Ru(biptpy)] and [Ru(tpy)] are observed. 
Solid-state structures 
Background. Given the nature of our molecular design and 
the goal of designing non-covalently linked coordination poly-
mers it is pertinent to consider how substituted and unsubsti-
tuted metal bis-terpyridyl complexes are normally arranged in 
the solid state. A survey of the Cambridge Crystallographic 
Database revealed a common packing motif for unsubstituted 
metal terpyridyl complexes [M(tpy) 2]". The cations pack 
together through short face-face and edge-face aromatic-
aromatic interactions between the terminal terpyridyl rings 
(centroid-centroid distances: face-face 3.5-4.1 A; face-edge 
4.9-5.3 A. Face-edge interactions are often also termed aro-
matic CH - - - it interactions). This gives rise to sheets of inter-
locked cations (Fig. I). Layers of anions are located between 
the sheets. Since an almost identical database survey has 
recently been reported in detail by Dance et al." for unsubsti-
tuted terpyridyl complexes, further extensive description is 
unnecessary. 
The introduction of substituents can disturb this packing 
motif the interlocked sheet motif is maintained when small 
substituents (such as a catechol group)'" are introduced at the 
4'-position on the back of the terpyridyl central ring, but dis-
rupted by large substituents. When a crown ether is attached 
to this 4-position, the bis(terpyridyl)rutheniurn(i) structure 
reveals only a one-dimensional chain containing such it-it con-
tacts. 24 These tpy-tpy it-it interactions are completely absent 
from the structure of a bis(terpyridyl)cobalt(u) complex bear-
ing bulky 4'-biphenylphosphine oxide substituents. 2' it-n 
interactions between substituents on the terpyridine are rare, 
although a tolyl-tolyl interaction has been described in a planar 
platinum(ii) complex of 4'-tolyl-2,2';6',2"-terpyridine. 2' 
To investigate the effect of a biphenyl substituent on the tpy-
tpy packing motif and to introduce a new motif based on 
biphenyl-biphenyl interactions, we have investigated the crys-
tal structures of seven of the complexes described herein. 
Although we have obtained all of the complexes described in a 
1448 	1 Chem. Soc., Dalton Trans., 2000, 1447-1461 
crystalline form, the remainder have not yielded X-ray quality 
crystals. 
Crystallographic investigations 
Cobalt(ii) complex. Red crystals of the complex [Co(biptpy),]-
[PFJ, were obtained from an acetonitrile solution by the slow 
diffusion of a diethyl ether-thf mixture and proved suitable for 
X-ray analysis. 
The structure confirms the anticipated bis-ligand formulation 
of the complex cation. Intermolecular face-face aryl inter-
actions between the biphenyl tails link the cations into infinite 
one-dimensional chains (Fig. 2). The two biphenyl rings and the 
central pyridyl to which they are attached stack with the equiv-
alent three rings on an adjacent molecule, such that outer 
biphenyl rings stack with central pyridyl rings (4.29 A centroid-
centroid) and inner biphenyl rings stack with an adjacent inner 
biphenyl ring (4.22 A centroid-centroid). This type of stacking 
is illustrated schematically in Fig. 3 as type A. Each pair of 
rings is approximately coplanar and offset. The planes of the 
rings are separated by ca. 3.7 A. The one-dimensional chains 
are packed together into a two-dimensional plane (Fig. 2), 
however, no short aryl-aryl interactions (either face-face or 
face-edge) are observed between the chains." The hexafluoro-
phosphate anions and tetrahydrofuran solvent molecules are 
located between the planes containing the cation chains and 
form short contacts to protons in the planes above and below 
(ten H - - - F contacts in the range 2.49-2.20 A). The chains 
stretch in the same direction in each plane and there are no 
short contacts between the two cation planes." 
Fig. I Stacking motif observed in complexes of unsubstituted 
2,2';6',2"-terpyridine; hydrogens omitted for clarity. 
Thus, in this complex, we observe that the introduction of 
the biphenylene tails completely disrupts the tpy-tpy packing 
motif, observed with unsubstituted tpy ligands, and replaces it 
with tail-tail stacking interactions which aggregate the cations 
into one dimensional wire-like chains. 
The cobalt(n) occupies a distorted octahedral geometry, 
coordinating to two terdentate ligands which each occupy three 
meT coordination sites (Fig. 2). The cobalt-nitrogen bond 
lengths to the central ring [l.873(1l)-l.894(ll) A are shorter 
than those to the terminal rings [1.925(10-1.971(13) Aj. This 
arises from the constrained bite of this terdentate ligand: 
a similar pattern is observed in complexes of 2,2': 
terpyridine with a range of different metals ions,' 8 ' 9 although, 
for this d' metal ion, the possibility of a Jahn-Teller contribu-
tion to the distortion cannot be excluded. A number of crystal 
structures of the unsubstituted [Co(tpy),] 24 cation with differ-
ent counter-ions have been reported.'" Such cobalt(u) ter-
pyridyl systems exhibit temperature-dependent spin-crossover 
behaviour and this influences the metal-ligand bond lengths. 
The structure of [Co(biptpy),J[PFJ, was obtained at low tern- 
Type A 







Fig. 3 Stacking motifs observed in the complexes of biptpy ligands. 
Fig. 2 Structure of the cation chains in the complex [Co(biptpy),][PF 6],; hydrogens omitted for clarity. Analogous cation chains are observed with 
ruthenium(ii), nickel(") and copperØt), 
I Chem. Soc., Dalton Trans., 2000, 1447-1461 	1449 
Fig. 4 Structure of the cation chains in the complex [Cd(biptpy) 21[PFJ2: (a) cation 1; (b) cation 2: hydrogens omitted for clarity. 
perature (180 K) and the observed Co-N bond lengths 
[1.873(11)-1.971(13) A] are significantly shorter than those of 
[Co(tpy)2][NO3j2 21120 where the Co(u) centre is high spin" 
[2.075(5)-2.189(3) Aj. The terpyridyl units are approximately 
planar (torsion angles between rings 1.0-6.1°). The phenyl rings 
are twisted with respect to the adjacent rings about the inter-
annular C-C bond by 23.5-43.3 °: this is slightly larger than 
observed in related systems and could be due to the crystal 
packing. The twist between the tpy unit and the inner phenyl 
ring (31.6, 43.3°) is greater than that between the two phenyl 
rings (23.5, 33.6°). 
Ruthenium(n) complex. Red crystals of the complex [Ru-
(biptpy)2][BF4]2 were obtained from a nitromethane solution by 
the slow diffusion of diethyl ether. The packing of this ruthen-
ium bis-ligand complex is analogous to that in the cobalt(u) 
complex with type A three-ring face face stacking interactions 
through the tail units leading to chains of cations. The outer 
biphenyl rings again stack with central pyridyl rings (4.20 and 
3.99 A centroid-centroid) and inner biphenyl rings stack with 
an adjacent inner biphenyl ring (3.82 A centroid-centroid). The 
it-it separations are comparable with, though slightly shorter 
than, those observed in the cobalt complex. Again, the one-
dimensional chains are packed together into a two-dimensional 
plane and the anions and solvent molecules reside between the 
planes. Thus, in this ruthenium(a) complex, the biphenylene 
tails again behave as effective assembly motifs, aggregating the 
cations into one- dimensional wire-like non-covalent chains. 
The ruthenium(ii) occupies a distorted octahedral geometry, 
coordinating to two terdentate ligands which each occupy three 
mer coordination sites. The ruthenium-nitrogen bond lengths 
to the central ring [1.978(3)-l.980(3) A] are shorter than 
those to the terminal rings [2.063(3)-2.081(3) A] and the bond 
lengths and angles are comparable with those observed in other 
ruthenium(ii) terpyridyl systems. 21 '24'25 '35 The terpyridyl units 
are approximately planar (torsion angles between rings 1.5-
7.5°) and the phenyl rings are twisted with respect to the 
adjacent rings about the interannular C-C bond by 27 .2_37 . 10 . 
The twist between the tpy unit and the inner phenyl ring (36.3, 
37.1°) is again greater than that between the two phenyl rings 
(27.2, 32.8°). 
Copper(n) and nickel(u) complexes. Slow diffusion of diethyl 
ether into an acetone solution of the nickel(ii) complex [Ni-
(biptpy) 211PFJ2 yielded crystalline material, as did slow diffu-
sion of benzene into a nit romethane solution of the copper(n) 
complex [Cu(biptpy)jPF. Although these two complexes are 
not isomorphous with the cobalt or ruthenium complexes, they 
have very similar crystal packing. In each case, the anions and 
solvent molecules lie in channels between the cation planes and 
(for nickel and copper) are highly disordered. As a result their 
diffraction is very weak, which, with the difficulty of modelling 
the contents of the channels, leads to high conventional 
R-values. Despite this anion and solvent disorder, the 
cation geometries are well defined and the overall pattern of the 
packing is clear. 
As indicated, the packing is analogous to that observed in 
the cobalt(n) and ruthenium(n) complexes (chains of cations 
linked by type A three-ring face face stacking interactions 
through the central pyridyl and the two biphenyl rings), con-
firming that formation of chains through tail-tail interactions 
is a common motif for these d-block complexes. The face-face 
interactions are comparable with those in the cobalt(n) and 
ruthenium(n) complexes (copper complex: inner biphenyls 
4.0-4.1 A centroid-centroid; pyridyllouter biphenyl 4.2 -4.3 A 
centroid- centroid: planes of the rings separated by ca. 3.7 A. 
Nickel complex: inner biphenyls 3.9 A cent roid -cen tro id; 
pyridyllouter biphenyl 4.3 A centroid-centroid; planes of the 
rings separated by Ca. 3.7 A). The chains again pack into planes 
between which the anions and solvent molecules reside. 
Cadmium(n) complex. Slow diffusion of benzene into a 
turquoise nitromethane solution of the cadmium complex 
[Cd(biptpy)2][PF]2 afforded pale purple crystals. The structure 
is illustrated in Fig. 4 and 5 and contains two crystallographic-
ally distinct cations (1 and 2). Both have the same basic 
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Fig. 5 Packing of the cation chains in the complex [Cd(biptpy)21[P1_J2; hydrogens omitted for clarity. Red Cation 1, blue cation 2. 
structure and differ essentially only in the twisting of their 
biphenylene tails and the extent to which they form it-stacking 
interactions with other cations within the crystal. 
The arrangement of these cations in the crystal lattice is 
quite different from that observed in the previous complexes 
and no three-ring (type A) stacks are observed between 
the biphenyl tails of the complex. instead, the structure 
is dominated by interactions of types B and C (Fig. 3) in which 
a ring from the biphenyl tail stacks onto a terminal pyridyl 
ring. 
These interactions lead to the formation of chains of cations 
and these are illustrated for the two types of cations in Fig. 4a 
and b. For cation I (Fig. 4a), one biptpy ligand forms an 
interaction of type B with another cation 1 resulting in 
two face-face it-interactions (centroid-centroid 4.01 A, eg. 
red-pink). These interactions lead to short contacts between 
the edge of the biphenyl ring and the face of a terminal pyridyl 
ring on the other coordinated biptpy ligand (centroid-centroid 
5.13 A: H - centroid 3.30 A) and this may contribute to 
the interaction. At the other end of the complex, the 
second hiptpy ligand interacts in a type C fashion with another 
cation 1 (centroid-centroid 3.99 A. &g. orange-pink). These 
two sets of interactions at either end of the cation lead to the 
chain structure. The chains containing the 2 cations are 
arranged in a similar fashion, although, as is evident in Fig. 4b, 
the face-face stacking is less effective and there arc some 
face-edge (CI I ... it) contributions. For the type B interaction 
(cent roid-cen tro id 4.28 A. e.g light blue-dark green), the rings 
are not coplanar but turned to give an H• ' - centroid distance 
of 3.01 A. This interaction also leads to the edge of the outer 
biphenyl ring stacking onto the face of a pyridyl ring on the 
other ligand (centroid-centroid 4.91 A: H- -. centroid 2.87 A). 
At the other end of the complex, there is a face-face type C 
interaction (centroid-centroid 4.16 A, e.g. dark blue-dark 
green). 
The two types of cation chains pack alongside each other to 
give a sheet containing alternate chains of cations 1 and 2 
(Fig. 5). The chains are linked through face-face it-interactions 
between one pair of terminal pyridyl rings (centroid-centroid 
3.84 A: Fig. 3, type D interaction). This interaction is also 
associated with one face-edge it-it interaction (centroid 
centroid 5.09 A; H'' 'centroid 2.95 A). The other pair of 
terminal pyridyl rings, although coplanar, are distant (centroid-
centroid 4.51 A). Each cation thus forms only one set of short 
face-face interactions with one adjacent chain (i.e. these inter-
chain links occur between any two chains only at every second 
cation). There are also face-edge links (through two rings) 
between two of the biphenyl tail units (centroid-centroid 4.63 
and 4.24 A. H centroid 3.05 and 3.06 A). The sheets also 
contain one mtromethane and one benzene solvent molecule 
for every two cations. The face of the benzene molecule stacks 
onto the edge of a pyridyl ring (centroid-centroid 4.89 A. 
I - 
 
I'' -centroid 3.19 A) while one of the methyl protons on the 
nitromethane forms a short contact with the faces of a pyridyl 
ring (H -ccntroid 3.12 A). The hexafluorophosphate anions 
are also packed around the sheets and there are multiple short 
F-' 1-1 contacts in the range 2.3-2.7 A. 
Each cadmium centre is 6-coordinate, bound to two terden-
tate biptpy ligands arranged in the anticipated ,ncr configur-
ation. The bond lengths to the central pyridyl ring [Cd-N 
2.270(2) 2.290(3) A] arc shorter than those to the terminal 
pyridyl rings [Cd-N 2.322(3)-2.355(3) A] as anticipated from 
the constrained tpy bite. Surprisingly, this appears to be the first 
crystallographically characterised cadmium(n) bis-complex of 
a tcrpyridyl ligand, however, these bond lengths are similar to 
those observed for other cadmium polypyridyl complexes.a 
The terpyridyl units are essentially planar (torsion angles 0.8-
10.3°) and, as in the previously described complexes. the 
biphenyl tail rings are twisted (torsion angles: py-Ph 29.8-
43.9°; Ph-Ph 30.5-36.6°). 
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Fig. 6 Structure of the complex cation [Z n(hiptpy )2J2* ;  hydrogens omitted for clarity. 
Zinc(n) complex. Recrystallisation of the zinc(n) complex 
[Zn(biptpy) 2][BF4]2  from acetonitrile solution by slow diffusion 
of diethyl ether yielded colourless crystals. The structure reveals 
the anticipated Zn(biptpy) 2]2  cations with zinc in a pseudo-
octahedral coordination geometry encapsulated by two mer-
coordinated biptpy ligands. The packing of these cations is 
again different from that of the cobalt, ruthenium, nickel and 
copper complexes, with no significant it-stacking interactions 
of type A between the biphenyl tails being observed. The 
structure shows similarities to the cadmium(ii) complex but is 
slightly simpler, containing only type B and D (and no type C) 
interactions (Fig. 6). 
Both biptpy ligands participate in type B interactions, 
forming two face-lace it-stacking interactions with an adjacent 
molecule through a terminal pyridyl and the inner biphenyl ring 
(ccntroid--centroid 3.70 and 3.75 A; e.g. yellow-green). These 
interactions are also associated with face-edge interactions 
(ccntroid-centroid 4.82 and 4.92 A; 11 'centroid 2.76 and 
3.09 A) from the edge of biphenyl rings to the face of terminal 
pyridyl rings. These type B interactions lead to the formation of 
chains. Perpendicular to these chains, the terminal pyridyl rings 
of one set of biptpy ligands face-face it-stack with the terminal 
pyridyl rings on the adjacent chains (type D interaction; 
centroid-centroid 3.87 A; e.g. green-green) aggregating the 
chains into a two dimensional sheet (Fig. 6). This face-face 
interaction is also associated with lace-edge interactions 
(centroid-centroid 5.08 and 5.36 A; FL' centroid 3.06 and 
3.17 A) from the edge of one of the pyridyl rings in the face-
face stack to a terminal pyridyl ring on the other biptpy ligand 
on the adjacent complex. 
In this manner, two dimensional sheets are produced in 
which, as in the cadmium(n) structure, the biphenyl tails of 
the cations are all oriented along the same axis in the crystals. 
Solvent molecules (two acetonitriles per cation) and the  
tetrafluoroborate counter-ions are packed around the sheets. 
Some short face-edge contacts are observed between the sheets 
(centroid-centroid 4.96 and 5.41 A; 11'. -centroid 3.39 and 
3.13 A). 
As anticipated, the zinc-nitrogen bond lengths to the central 
ring [2.066(3) and 2.077(3) A] are shorter than those to the 
terminal rings E2.174(3)-2.194(3) A]. The bond lengths and 
angles [75.51(11)-75.9l(91) °] are unremarkable and compar-
able with those previously reported for bis-ligand zinc(ii) 
complexes of terpyridyls bearing 3,4-dihydroxyphenyl and 3.4-
dimethoxyphenyl groups in the 4'-position. 23 The terpyridyl 
units are approximately planar (Py-Py torsion angles 4.4-8.7°) 
as is expected and the interannular twists in the biphenyl tails 
(torsion angles; py-Ph 2.5 and 16.9°; Ph-Ph 17.5 and 28.1°) 
are smaller than those observed in the other structures. 
The observed crystal structures of these bis-ligand metal 
dication complexes are thus divided into two classes. For 
cobalt(ii), ruthenium(ii), nickel(n) and copper(n) the biphenyl-
biphenyl interaction envisaged in the design (type A) dominates 
and results in the formation of one-dimensional wire-Like 
coordination polymers. The tpy-tpy (type D) interactions seen 
in the complexes of tpy ligands with small or no substitucnts 
are not present. However, for the d 1 metal ions zinc(n) and 
cadmium(I1) this D-type interaction, coupled with tpy-
biphenyl interactions (types B and C), leads to alternative 
structures containing two-dimensional sheet-like polymeric 
networks of metal centres. These two different classes of 
structure must be similar energetically and we speculate that 
more extended aryl substituents may drive the structure into 
a wire-like polymer for all metal ions. Clearly the electronic 
nature of the metal centre will influence the energy of the 
o- and it-orbitals of the bound terpyridyl ligand (and hence 
the energetics of any tpy-tpy interactions), however, this is 
likely to be a subtle effect and difficult to quantify (although 
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Fig. 7 Structure of the complex cation [Ru(biptpy)(tpy)1 2 ' hydrogens omitted for clarity. 
Fig. 8 Packing of the complex cation [Ru(biptpy)(tpy)J 2  illustrating the formation of a network hydrogens omitted for clarity. 
it might explain why the second class of structures were 
observed with d 1° metal centres). 
Ruthenium(1I) mixed ligand complex. The structure adopted 
by the mixed ligand complex [Ru(tpy)(biptpy)F is of interest, 
since it contains only one biphenyl tail unit per cation. Given 
the similar energetics of the two possible classes of structure 
when Iwo biphenyl units are attached to each complex, for this 
mixed ligand cation bearing only one biphenyl substituent per 
complex, we would expect a structure similar to the second type 
(with type B/C and D interactions) to be favoured. 
Red crystals of the mixed ligand complex [Ru(tpy)(biptpy)]-
Cl2  were obtained by slow evaporation of a methanol solution 
of the complex. The crystals were of poor quality, giving weak 
diffraction. There is considerable anion and solvent disorder,  
however, the structure clearly reveals the cations and their solid-
state packing. 
The extended type A, face-face it-stacking between biphenyl-
ene tails is not observed for this complex. Instead, the structure 
is indeed a three-dimensional network dominated by pyridyl-
pyridyl and pyridyl-biphenyl interactions (Fig. 7 and 8). 
Perhaps unsurprisingly, the biptpy ligand engages in more 
extensive it-stacking than the tpy ligand. The terminal pyridyl 
rings of the biptpy face-face it-stack (3.7 A centroid-centroid) 
onto terminal pyridyl rings of the biptpy ligands of adjacent 
complexes in a type D interaction (Fig. 7; see, for example, the 
red cations)- This leads to a one-dimensional chain. Each of 
these face-face stacking interactions is also associated with two 
face-edge it-interactions from the edge of the terminal pyridyl 
rings of the biptpy Ligands to the face of a terminal pyridyl of 
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Table 2 250 MHz 'H NMR chemical shift (b) data for [M(biptpy) 2][PF,] 2 (M Fe, Ru, Zn and Cd) in CD,CN solution at 298 K and related 
complexes 
H6 H5 114 113 113' 114' Ha/b Ho/n, Hp 
[Fe(biptpy)j[PF 6] 2 7.23 7.11 7.91 8.65 9.26 8.43, 8.12 7.91, 7.53 7.53 
[Fe(tpy)2l[]3F43 ° 7.06 7.06 7.88 8.46 8.91 8,40 
[Fe(phtpy)[PF6 7.19 7.09 7.91 8.61 9.12 -- 8.32, 7.82 7.74 
[Ru(biptpy)2][PF9l2 7.46 7.20 7.97 8.70 9.09 8.32, 8.05 7.86, 7.52 7.52 
(Ru(biptpy)(tpy)1[PFJ 2 7.35 7.17 7.96 8.66 9.06 8.32, 8.06 7.86. 7.59 7.50 
7.43 7.17 7.92 8.50 8.75 8.41 
[Ru(tpy)J(PF6] 3 0 7.35 7.15 7.90 8.50 8.75 8.40 
[Ru(,htpy)2[PF6],b 	' 7.43 7.18 7.95 8.64 9.01 8.21. 7.75 7.75 
[Zn(biptpy)2][PF6 ] 2 7.85 7.42 8.19 8.75 9.05 8.33. 8.05 7.85, 7.6! 7.61 
[Cd(biptpy)2](PF6] 2 8.10 7.55 8.23 8.80 9.01 8.28, 8.03 7.85, 7.55 7.55 
Ref. 37, 	Ref. 36. 
an unsubstituted terpyridyl ligand on the adjacent complex 
(4.9, 5.0 A centroid-centroid). The complexes in the chain 
below are rotated through 1800  permitting a series of inter-
chain face-face it-stacking interactions (3.75 A centroid-
centroid; e.g. between blue and red cations) of type B between 
terminal pyridyl rings of the biptpy and inner rings of the 
biphenylene tails. This therefore leads to linked pairs of cation 
chains (Fig. 8; see for example blue and red cations). From 
these pairs, outer biphenyl rings face-face it-stack with terminal 
rings on the unsubstituted terpyridyl ligands (3.6 A centroid-
centroid) of adjacent pairs (Fig. 8) in a pseudo-type C inter-
action, and a three-dimensional network results. 
The stacking is less extensive for the unsubstituted tpy ligand, 
with no pyridyl-pyridyl face-face interactions being observed. 
In addition to the aforementioned face-face interaction with 
the outer ring of a biphenylene tail and face-edge interactions 
with the edges of biptpy pyridyl rings, one additional type of 
interaction is observed; a face-edge interaction from the edge 
of the inner ring of a biphenylene and the face of a tpy terminal 
pyridyl (5.15 A centroid-centroid). 
The individual cations have the anticipated structure, with 
both terdentate ligands coordinated in a tner fashion to a 
pseudo-octahedral ruthenium(u) centre. The aryl rings in the 
biphenylene tail are less twisted with respect to the pyridines 
than in most of the other structures reported herein. The inner 
ring is almost coplanar with the pyridine to which it is attached 
(torsion angle 7°), while the outer ring is twisted through a 
further 29° with respect to the inner. Although the smaller 
spatial requirements of the chloride anion (cf hexafluoro-
phosphate and tetrafluoroborate in the other structures des-
cribed herein) may well influence the structure adopted, we have 
been unable to obtain suitable crystals with these larger anions. 
Solution behaviour 
The solid-state structures illustrate that the biphenyl group 
has indeed been effective at aggregating the discrete metal 
terpyridyl centres into polymeric solid-state arrays either with a 
one-dimensional wire-like structure or a two-dimensional sheet 
structure. The introduction of a conjugated biphenyl unit might 
also be expected to cause perturbations to the properties of the 
discrete metal complexes and to investigate this, the solution 
chemistry has been examined. 
'H NMI1. The complexes [M(biptpy),] 2 (M = Fe, Ru, Zn and 
Cd) are diamagnetic. The 250 MHz 'H NMR spectra of these 
complexes in CDJCN solutions at 298 K have been recorded 
and are assigned and tabulated in Table 2, together with the 
corresponding data for the iron(,,) and ruthenium(n) complexes 
of tpy and phtpy. 37 
The spectra are sharp and well resolved and illustrate the 
high symmetry of the complexes on the 'H NMR time-scale. As 
expected, on complexation, ii 6  shows the most dramatic shift 
with respect to the free ligand as it is closest to the metal ion. 
Table 3 400 MHz 'H NMR chemical shift (b) data for [M(biptpy) 2]-
[PFJ 2 (M = Co or Ni) and related complexes in CD,CN solution at 
298 K 
Pyridyl 	 Biphenyl 
(Ni(biptpy)2 [PF6] 2 	135 	74 	67 	44 	13 	11-0 
[Ni(tpy)2l[PF932 ° 135 	75 71 44 	19 	14 
[Co(biptpy)2)[PF62 	92 	54 	42 	32 14 	10-7 
[Co(tpy)2][PF6] 2 99 	57 47 34 	22 	9 
Ref. 38. Ref. 39. 
The terminal pyridyl rings of each ligand in the [M(biptpy) 2] 24 
cations are clearly in very similar environments to the terminal 
rings in the corresponding [M(tpy),]' cations. The biphenyl 
substituent causes the proton on the central pyridyl ring (H i ) 
to shift with respect to the tpy complex, however, this shift is 
closely mimicked in phtpy complexes. For [Cd(biptpy)Jl*,  the 
116 resonance is significantly broadened. This probably arises 
from coupling to the spin active cadmium; no distinct cadmium 
satellites were resolved but may be hidden under the adjacent 
resonances. The 'H NMR spectrum of [Ru(biptpy)(tpy)][PF 6], 
is more complicated due to the presence of the two differ-
ent ligands, but is readily assigned by COSY and NOE 
experiments. The proton resonances are at comparable shifts to 
those in (Ru(biptpy)J[PF5] and [Ru(tpy)2][PFJ,. Serial NMR 
dilutions were performed on the complex [Fe(biptpy) 2][PF6] 
in C0300 solution, starting from a saturated methanolic 
solution. The positions and appearances of the proton reson-
ances were unaltered, implying that the biphenyl tails do not 
cause solution aggregation at milli- and submillimolar 
concentrations. 
The complexes [M(biptpy)2]' (M = Ni or Co) are para-
magnetic. Nevertheless, the 400 MHz 'H NMR spectra of the 
complexes at 298 K in CD 3CN solutions were recorded. The 
'H resonances are paramagnetically shifted and considerably 
broadened (coupling data is thus lost), but reasonably well 
resolved. The chemical shift (3) data for the nickel(n) and 
cobalt(u) complexes of biptpy are tabulated, together with the 
data for the corresponding tpy complexes, 39' 39 in Table 3. There 
are 5 resonances due to the terpyridyl unit. Comparison with 
the 'H NMR spectra of the tpy complexes shows, as expected, 
that the resonances are at similar chemical shifts, as would be 
anticipated for a similar solution structure. It has not been pos-
sible to fully assign the spectra, but the number of environ-
ments suggests that the solution species are symmetrical on 
the NMR time-scale. Comparison of the spectral data of the 
complexes of tpy and biptpy reveals the absence of one proton 
in the complexes of biptpy (H") and allows us to assign the 
multiplets in the 0-I1 range as arising from the biphenyl 
protons. The small shifts of these biphenyl resonances is com-
patible with the position of these protons being remote from 
the paramagnetic centre. 
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Table 4 Electrochemical data for [M(biptpy)J[PF 6] 2 in acetonitrile 
solution (NBu41[PF6] supporting electrolyte). Potentials (V) quoted vs 
FclFc' 
Ligand based 
M(1/ni) 	M(1/i) 	reduction(s) 
[Co(biptpy)][PF6] 2 	-0.16 	-1.16 	-1.98 
(Co(phtpy),][PF62 -0.16 -1.17 -1.99 
(Co(tpy)J(PFJ 1 & 	 - 0.13 	-1.18 	-2.06 
[Ru(biptpy)J[PF62 0.89 -1.58 	-1.79 
[Ru(biptpy)(tpy)J(PFJ 2 	0.90 	 -1.58 	-1.87 
[Ru(tpy)3][PF6], 	 0.92 -1.67 	-1.92 
	
0.90 	 -1,66 	-1.92 
[Fe(biptpy)2][PFJ 2 	0.69 -1.63 	-1.76 
[Fe(phtpy) 1 [PF4] 2 0.67 	 -1.62 	-1.74 
[Fe(tpy)s]1PF62b 	 0.77 -1.64 	-1.82 
Ref. 40. b  Ref. 41. C  Ref. 21. 
Table 5 Selected electronic absorption spectroscopic data for the 
complexes [M(biptpy)J[PF6] 2 (M = Ru, Fe and Co) in acetonitrile 
solutions unless otherwise indicated 
AJnm (a/cm' met- ') 
[Ru(biptpy)[PF6] 1 	 494 (45 000) 
[Ru(biptpy)(tpy)][PF6] 2 	484 (17 000) 
[Ru(tpy)2][PF6]2 	 474 (10 400) 
[Ru(phtpy) i](PFJ 2 C 	 487 (26 200) 
[Fe(biptpy)2][PFJ 2 571 (23 000) 
[Fe(phtpy) 3j[PFJ, 5 	 565 (22 600) 
[Fe(tpy) 2][PFj 2 	 552 (II 900) 
[Co(biptpy) 2 [PF6]2 	 445 (3400), 518 (3000) 
[Co(tpy)J[PFJ 1 ' 415 (1500), 443 (1500), 503 (1200) 
biptpyd 	 253 (74 000)284(13000) 
[Cd(biptpy) 1 [PF6], 	 236 (60 000), 285 (59 000), 326 (70 000) 
[Cd(biptpy)1][PF6]2d 233 (37 000), 286 (46 000), 322 (36 000) 
[Zn(biptpy)2J[PF6]2d 	238 (67 000), 285 (63 000), 336 (83 000) 
Ref. 42. Ref. 40. C  Ref 43 dIn  methanol solution.  
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Fig. 9 Emission spectra of [Zn(biptpy) 2 [PFj2 in the solid state using 
a powder sample (solid line) and in methanol solution (intermittent 










Electrochemistry. The electrochemical behaviour of some of 
the salts [M(biptpy) 2][PF6] 2 (M = Co, Ru, Fe, Cu and Ni) in 
acetonitrile solution was investigated by cyclic voltammetry. 
The results are summarised in Table 4, together with the corres-
ponding data for the cobalt(u), ruthenium(ii) and iron(n) tpy 
and phtpy complexes. 21 '°4 ' As would be expected, the biphenyl 
substituent has little effect on the metal-based redox chemistry, 
however all the ligand-based reductions are slightly lower in 
energy, due to the .increase in conjugation within biptpy in 
comparison to tpy 
Cyclic voltammetry on the nickel(n) and copper(u) com-
plexes is less informative: In the cyclic voltammetric spectrum 
of [Ni(biptpy) 21[PF6]2, an irreversible reduction process at 
-0.85 V and an irreversible terpyridyl-centred reduction at 
-1.85 V are observed. For [Cu(biptpy),][PF 6]1, an irreversible 
reduction process is observed at -0.44 V with an associated 
absorption spike at -0.67 V This is due to copper(o) plating on 
the electrode. An irreversible terpyridyl-centred reduction is 
also observed at -1.87 V In both cases, the complexes of the 
unsubstituted tpy ligand behave in a similar fashion. 
Absorption spectra.The absorption spectra were recorded 
for acetonitrile solutions of the complexes [M(biptpy)J[PF 6] 2 
(M = Co, Ru, and Fe). Selected wavelengths of the peaks and 
absorption coefficients are given in Table 5. Data for [M(tpy)j. 
[PF6] 2 and [M(phtpy) 2][PF6 ) 2 complexes are also shown for 
comparison .40.42,41 
As observed in the electrochemistry, the energy of the ligand 
is lowered with respect to terpyridine in the more conjugated 
biptpy ligand. Consequently, the MLCT bands of these biptpy 
complexes are shifted to higher wavelength when compared to 
the corresponding tpy complexes. For [Ru(biptpy)(tpy)][PF 6],, 
350 	400 	450 	500 	550 	At 
A/rim 
Fig. 10 Emission spectra of [Cd(biptpy) 2](PF6]2  in the solid state using 
a powder sample (solid line) and in methanol solution (intermittent 
line). The samples were excited at 250 run. 
two distinct MLCT bands might be expected, however, as a 
result of the broad nature of the bands and their relatively small 
wavelength separation, a single broad peak is observed centred 
between the expected positions of the two bands. 
Serial dilutions over the 10 - -10 - ' M concentration range 
were performed on the complex [Fe(biptpy),][PFJ in methanol 
solution and revealed no changes in peak maxima, shape or 
extinction coefficients which is consistent with an absence of 
solution aggregation and in agreement with the NMR 
observations. 
Luminescence studies. The cadmium and zinc complexes show 
strong blue emission with high quantum yields when excited 
with 1./V light. The luminescence of the complexes in solution 
and the solid state are shown in Fig. 9 and 10. While the free 
ligand emits in the 1./V region of the spectrum (390 nm in 
MeOH and 395 am in solid state), the emission of the com-
plexes is considerably red-shifted and consequently, emission 
occurs in the visible blue region of the spectrum. The red-shift 
In one of the ligand-based absorption bands observed upon 
coordination is consistent with this. Coordination also 
enhances the quantum yield; in methanol solution the zinc 
complex emits with a quantum yield of 0.80, while the quantum 
yield for the cadmium complex is 0.71. These values are both 
higher than that for the ligand (0.55) under the same excitation 
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Table 6 Emission spectroscopic data for the complexes [Ru(biptpy) 2]-
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Fig. 11 Emission spectra of fRu(biptpy) 1][PFJ1 in the solid state at 
room temperature (solid line) A_ = 480 nm and in degassed acetonitrile 
at 77K (intermittent line) =490 am. 
conditions. The same emission wavelength is observed on 
excitation at 250 nm or in the lower energy absorption band 
at 330 nm. Blue luminescence has previously been reported 
from zinc complexes of other pyridyl-containing ligands and 
it is unsurprising that the zinc complex of the biphenyl 
terpyridine ligand employed in our studies exhibits similar 
behaviour. 4' The luminescence is usually attributed to intra-
ligand itx' transitions, with no reported shifts upon coordin-
ation, however, recently, involvement of charge transfer states 
in the case of aryl tpy ligands has been proposed." Given 
that zinc(l) polypyridyl complexes are known emitters, it is 
perhaps surprising that emission from cadmium(n) poly-
pyridyl complexes has not, to the best of our knowledge, been 
previously examined. For this biptpy ligand, the luminescence 
behaviour of the cadmium complex is similar to that of the 
zinc analogue. - 
The ability to design blue luminescent materials is desirable 
for display applications and to this end Cheer at have reported 
blue luminescence of solutions of some zinc pyridylamine 
complexes.4547 For the biptpy complexes, the high quantum 
yields of luminescence in solution (which are enhanced with 
respect to the free ligand) and the strong luminescence in the 
solid state, coupled with the potential to use supramolecular 
design to control and vary the solid-state structure, suggest that 
materials such as these merit exploration for application as blue 
light emitting diodes. 
While ruthenium(n) complexes of bipyridyl ligands exhibit 
characteristic red luminescence from the 3 MLCT state, for the 
ruthenium(n) complex of tpy, this state is quenched by a 
low-lying 'MC state and room temperature emission is 
not observed. Addition of simple donor and acceptor sub-
stituents at the 4'-position ligand alters the relative energies 
of these states and appropriate combinations can achieve 
luminescent behaviour in a predictable fashion . 4' For aryl 
substituents the situation is complicated by the potential for 
inter-aryl twisting in the ground and excited states. Nitrile 
solutions of bis(tolylterpyridine) complexes [but not bis(phenyl-
terpyridyl) complexes) of ruthenium(n) exhibit weak room 
temperature luminescence . 4 Similarly, we observe that aceto-
nitrile or aqueous solutions of the complex [Ru(biptpy)) 14 
prepared herein, exhibit weak red luminescence. In the solid 
state (powder) and in acetonitrile solution at low temperature 
the complex shows strong red luminescence on irradiation in 
the visible MLCT absorption band (Fig. 11)48  The emission 
spectroscopic data for the ruthenium complexes, along with 
A,,,,(max)/nm 
298 K 	77 K in CH,CN 	Solvent 
tRu(biptpy)jEPF,1 1 	640 634 MeCN 
[Ru(biptpy) 2]Cl, 640 HO 
[Ru(biptpy)(tpy)][PFj 1 	-.- 630 MeCN 
[Ru(tpy) 2][PF62 ' 	 - 598 MeCN 
[Ru(ttpy),j[PFJ 2 ' 	 640 628 MeCN 
[Ru(tpy)(ttpy))[PFJ 2 622 MeCN 
Ref. 4. 	Ref. 49. 
those for related compounds for comparison, are listed in 
Table 6. 
The complexes of this biptpy ligand therefore represent an 
example of classes of systems in which there is potential not 
only to create blue luminescent materials of controlled solid-
state architecture but, through selection of the metal ion, to 
tune the luminescent properties of the material to achieve red 
luminescence also. 
Conclusions 
We have shown that addition of a biphenylene tail to a simple 
terpyridyl ligand permits the synthesis of complexes which 
exhibit red and blue luminescence in both solution and the 
solid state. The solid-state structures are dependent on which 
types of it-stacking interactions predominate. Biphenylene-
biphenylene interactions lead to rod-like wire structures 
while biphenylene-pyridyl interactions lead to two-dimensional 
sheets. The strategy developed herein is currently being 
extended to other metallo-supramolecular architectures (such 
as boxes") and the structural and photophysical effects of 
more extended aryl tails are being examined. Aside from their 
self-recognition properties, the aryl tails may also potentially be 
captured by cyclodextrin hosts and these complexes are being 
explored as part of ongoing studies aimed at employing 




IR spectra were recorded on a Perkin-Elmer Paragon 1000 
FT spectrophotometer at a resolution of 4 cm', with the 
samples in the form of compressed KBr discs. Absorption 
spectra were recorded on Unicam 8700 and Jasco V550 
spectrometers. 1F1  NMR spectra were recorded on Bruker 
ACF250, DPX300 and ACP400 spectrometers. 20 sequences 
used standard Bruker software. 63 Electron impact (El) mass 
spectra were recorded on a Micromass Autospec spec-
trometer. Fast atom bombardment (FAB) mass spectra were 
recorded using 3-nitrobenzyl alcohol as matrix on Micromass 
Autospec spectrometers either at Warwick or by the EPSRC 
National Mass Spectrometry Service Centre, Swansea. 
Microanalyses were conducted on a Leeman Labs CE44 
CHN analyser by the University of Warwick Analytical 
Service. Electrochemical measurements were performed using 
an ecochimie Autolab electrochemical workstation using 
standard GPES software.M  A conventional three-electrode 
configuration was used, with platinum working and auxiliary 
electrodes and a Ag-Ag reference. The measurements were 
conducted in acetonitrile solution with 0.1 M [Bu" 4N][PF6] 
base electrolyte. Potentials are quoted vs. ferrocene/ 
ferrocenium couple (Fc/Fc = 0.0 V), and all potentials were 
referenced to internal ferrocene added at the end of each 
experiment. 
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The luminescence studies were performed on a Quanta-
Master QM-1 steady-state emission spectrometer from Photon 
Technology Instruments equipped with a 75W xenon arc lamp 
and a model 810 photon counting detection system with a red-
sensitive R928 photomultiplier tube. Single-grating mono-
chromators are used for wavelength selection of the excitation 
light and the luminescence. The emission monochromator 
grating is blazed at 550 nm. The data were collected and 
analysed with Felix software . 6' The luminescence quantum 
yields of methanolic solutions of the complexes were measured 
using quinine sulfate in 0.01 N H 1504 as a standard with 
quantum yield 0.54." All the samples for the quantum yield 
measurements were excited at 250 nm to minimise excitation 
wavelength errors. An error value of 10% is associated with the 
quantum yield measurements. 
Precious metal salts (Johnson Matthey) and other chemicals 
(Aldrich) were used as supplied. N-{2-(2'-Pyridyl)-2-oxo-
ethyl}pyridinium iodide 2° and [Ru(tpy)Cl,] 2 ' were prepared 
according to literature methods. 
I-(2-Pyridyl)-3-(4'-biphenyl)-2-propen-l-one 
A solution of biphenyl-4-carboxaldehyde (1.50 g, 8.2 mmol) in 
ethanol (IS cm') was treated with a solution of sodium hydrox-
ide (I g, excess) in water (13 cm'), and 2-acetylpyridine (0.9 cm', 
8.2 mmol). The yellow mixture was stirred at 0°C for I h. The 
yellow solid that precipitated was collected by vacuum filtration 
and washed with ice cold methanol (1.87 g, 59%). IR (KBr): 
v 1670s, 1600s, 1484w, 1450m, 1334s, 1218s, 1033s, 998s, 836m, 
759s, 674s cm'. MS (+ve FAB): rn/z 286 EM + I]. Found: C, 
82.6; H, 5.2; N, 5.1. Cale. for CH,,NO-0.251 ­1 20: C, 82.9; H, 
5.4; N, 4.8%.'H NMR (CDC],, 250 MHz, 298 K): 58.76 (lH, 
d, J=4.6 Hz, 1­16), 8.33 (lH, d, J= 163 Hz, Hc/d), 8.19 (111, d, 
J= 7.0 Hz, 113), 798 (lH, d, J= 16.0 Hz, Held), 7.88 (lH, td, 
J= 7.9, 1.8 Hz, 114), 7.80 (211, d, J= 8.4 Hz, Ho/rn/a/b), 7.64 
(4H, dd, J = 8.4, 6.1 Hz, Ho/rn/a/b), 7.50(411, m, Hp,5,o/rn/a/b). 
4(4-Bipheny1)-2,2' :6' ,2"-terpyridine (biptpy) 
l-(2'-Pyridyl)-3-(4"-biphenyl)-2-propen-l-one (2.000 g, 7.0 
mmol), N-{2-(2'-pyridyl)-2-oxoethyl}pyridinium iodide (2.282 
g, 7.0 mmol) and ammonium acetate (5 g, excess) in ethanol 
(80 cm') were heated under reflux for 12 h. On cooling, a green 
solid precipitated and was collected by vacuum filtration and 
recrystallised from ethanol in the presence of activated charcoal 
to yield biptpy as an off-white solid (1.132g. 42%). IR (KBr): 
v 1591s, 1582s, 1538w, 1569m, 1442w, 1388s, 790s, 763s, 721m, 
682m cm'. MS (+ve FAB): tn/z 386 [M + I]. Found: C, 83.3; 
H, 4.9; N, 10.8. Cale. for C 27 H,,N,'0.25H 2O: C, 83.2; H, 5.0; N, 
10.8°/. UV-Vis (MeOI-): A,,, (a) 253 (74 000), 284 (13 000 cm' 
moL'). 'H NMR (CDCI,, 250 MHz, 298 K): 5 8.78 (2H, s, 
H3'), 8.73 (2H, d, J = 4.7 Hz, H6),8.69 (2H, d, J = 8.1 Hz, 1­13), 
8.01 (211, d, J=8.4 Hz, Ha/b), 7.89 (2H, td, J=7.6, 1.8 Hz, 
H4), 7.74 (2H, d, J= 8.7 Hz, Ha/b), 7.67 (2H, d, J= 7.0 Hz, Ho-
rn), 7.47 (3H, m, Hp,o/rn), 7.35 (2H, ddd, J= 7.6,4.9,1.2 Hz, H5). 
(Fe(biptpy) 2](PF6] 
Biptpy (0.0205 g, 0.05 mmol) and iron(u) sulfate (0.0074 g, 
0.026 mmol) were heated to reflux in methanol (15 cm') for 
12 h. The resulting purple solution was cooled and treated with 
saturated methanolic ammonium hexafluorophosphate. On 
cooling, a purple solid separated and was isolated by filtration 
(0.023 g, 780/6). JR (KB,-): v 1616m, 1403m, 1122m, 844s cm -1 . 
MS (+ve FAB): rn/z 441 [Fe(biptpy)], 826 [Fe(biptpy),], 971 
(Fe(biptpy) 2(PF6)]. Found: C, 56.9; H, 3.4; N, 7.3. Cale. for 
FeCMH,3N6-1 .5HO: C, 56.7; 11,3.6; N, 7.3%. UV-Vis (MeCN): 
(a) 239 (36 000), 285 (48 000), 324 (61 000), 571 nm (23 000 
cm' mor'). 'H NMR (CD,CN, 250 MHz, 298 K): 5 9.26 
(2H, s, 113'), 8.65 (2H, d, J = 7.8 Hz, H3), 8.43 (2H, d, J = 8.7 
Hz, Ha/b), 8.12 (2H, d, J= 8.4 Hz, Ha/b), 7.91 (4H, m, Ho/n, 
4), 7.53 (3H, m, Ho/rn,p), 7.23 (2H, d, J = 4.9 Hz, H6),7.11 (2H, 
ddd, J = 8.7, 5.5, 1.2 Hz, H5). 'H NMR (CD,OD, 250 MHz, 298 
K): 59.56 (211, s, H3'), 8.93 (2H, d, J = 7.9 Hz, Ha/b), 8.56 (2H, 
d, J= 8.6 Hz, 1 ­13), 8.12 (2H, d, J= 8.7 Hz, Ha/b), 8.04 (2H, td, 
J=8.4, 1.4 Hz, H4), 7.90 (1 H, dd, J=8.4, 1.5 Hz, Ho), 7.59 
(2H, t, J= 7.2 Hz, Hrn), 7.49(111, t, J= 7.2 Hz, Hp), 7.38 (2H, 
d, J = 4.6 Hz, H6), 7.27 (2H, ddd, J = 8.1, 5.4, 1.2 Hz, H5). 
The tetrafluoroborate was prepared in 73% yield in an 
analogous fashion, precipitating by addition of a saturated 
methanojic solution of ammonium tetrafluoroborate. The 
chloride salt was prepared in 84% yield from iron(u) chloride. 
[Co(biptpy) 2][PF6] 2 
Biptpy (0.0201 g, 0.05 mmol) and cobalt(n) acetate (0.0064 g, 
0.026 mmol) were heated to refiux in methanol (15 cm') for 
12 h. The resulting red-coloured solution was cooled and 
treated with saturated methanolic ammonium hexafluorophos-
phate. A red precipitate separated and was isolated by filtration 
(0.020 g, 71%). The red precipitate was recrystallised from 
acetonitrile by the slow diffusion of diethyl ether containing 
tetrahydrofuran to afford red crystals of [Co(biptpy) 2][PF6] 2 . 
JR (KBr): v 1616s, 836s, 767w, 559m, 466m cm'. MS (+ve 
FAD): rn/z 444 [Co(biptpy)], 829 [Co(biptpy) 2], 974 [Co-
(biptpy),(PF6)]. Found: C, 57.4; H, 3.5; N, 7.3. Cale. for 
CoCMH,SN6P2 F,l-0.5H 2O: C, 57.5; H, 3.5; N, 7.4%. UV-Vis 
(MeCN): A ma, (a) 236 (43 000), 284 (46 000), 324 (50000), 445 
(3400), 518 nm (3000 cm' mor'). 'H NMR (CD,CN, 400 MHz, 
298 K): 592,54,42,32, 14,10-7. 
The tetrafluoroborate salt was prepared in 83% yield in an 
analogous fashion, precipitating by addition of a saturated 
methanolic solution of ammonium tetrafluoroborate. 
[Ni(biptpy)211PF6]2 
Biptpy (0.0202 g, 0.05 =of) and nickel(u) acetate (0.0065 g, 
0.026 mmol) were heated to reflux in methanol (15 cm') for 
12 h. The resulting green solution was cooled and treated with 
saturated methanolic ammonium hexafluorophosphate. On 
cooling, a green solid separated and was isolated by filtration 
(0.020 g, 69%). JR (KBr): v 1616s, 1569w, 1546w, 14735, 1427s, 
1400m, 1384w, 1303w, 1245m, 1164w, 1018m,833s,794m,767s, 
732m, 701m, 659w, 559s cm'. MS (+ve FAB): rn/z 443 [Ni(bip-
tpy)], 973 (Ni(biptpy) 2(PF6)]. Found: C, 56.3; H, 3.4; N, 7.0. 
Cale. for NiC, 4H38N6P2F,,-2H 20: C, 56.1; H, 3.7; N, 7.3%. 'H 
NMR (CD,CN, 400 MHz, 298 K): 5135,74,67,44, 13, 11-0. 
The tetrafluoroborate salt was also prepared, in 66 9/6 yield, in 
an analogous fashion by precipitating via addition of a satur-
ated methanolic solution of ammonium tetrafluoroborate. 
[Cu(biptpy),](PF6] 2 
Biptpy (0.0203 g, 0.05 mmol) and copper(n) acetate (0.0052 g, 
0.026 mmol) were heated to reflux in methanol (IS cm') for 
12 h. The resulting green solution was cooled and treated with 
saturated methanolic ammonium hexafluorophosphate. On 
cooling, a green solid separated and was isolated by filtration 
(0.023 g, 79%). IR (KBr): v 1619s, 1573m, 1477s, 1427m, 1400w, 
1384w, 1249m, 1164w, 1022m, 848s, 794w, 767m, 728w, 690w, 
859w, 559s cm'. MS (+ve FAB): rn/z 448 [Cu(biptpy)], 833 
[Cu(biptpy)2] 1  978 [Cu(biptpy) 2(PF6)j. Found: C, 56.8; H, 3.4; 
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N, 7.0. Cale. for CuC, 4H 38N6P2F, 2-l.25H2O: C, 56.6; H, 3.6; N, 
7.3%. 
The tetrafluoroborate salt was prepared in 77% yield in an 
analogous fashion, precipitating by addition of a saturated 
methanolic solution of ammonium tetrafluoroborate. 
IRu(biptpy)(tpy)IIPF 61 2 
Hiptpy (0.0201 g, 0.05 mmol) and [Ru(tpy)Cl 3) (0.0229 g, 0.05 
mmol) were heated to reflux in methanol (IS cm') containing a 
few drops of 4-ethylmorpholine for 4 h. The resulting red solu-
tion was cooled and treated with saturated methanolic ammo-
nium hexafluorophosphate. On cooling, a red solid separated 
and was isolated by filtration (0.031 g, 59%). IR (KBr): v 1604s, 
1450s, 1388m, 1307w, 1245m, 1164w, 840s, 790w, 767s, 732m, 
698m, 559s cm'. MS (+ve FAD): ink 334 [Ru(tpy)], 486 
[Ru(biptpy)), 719 [Ru(tpy)(biptpy)l, 865 [Ru(tpy)(biptpy)(PFJ]. 
Found: C, 48.3; H, 3.0; N, 7.9. Cale. for RuC 42H30N6P2F,1 
2H20: C, 48.2; H, 3.3; N, 8.0%. UV-Vis (MeCN): A, (a) 
231 (28 000), 272 (35 000), 283 (32 000), 308 (54 000), 329 
(35 000), 484 nm (17 000 cm' mot - '). 'H NMR (CD,CN, 250 
MHz, 298 K): 3 9.06 (2H, s, H3'), 8.75 (2H, d, J=8.1 Hz, 
H3tpy), 8.66 (2H, d, J= 7.8 Hz, 1­13), 8.50 (2H, d, J=7.l Hz, 
H3tpy), 8.41 (1 H, t, J= 8.0 Hz, H4'tpy), 8.32 (2H, d, J= 8.7 
Hz, Ha), 8.06 (2H, d, J=8.7 Hz, Hb), 7.97-7.89 (4H, m, 
H4,4tpy), 7.86 (2H, d, J= 7.0 Hz, Ho), 7.59 (2H, d, J= 7.0 Hz, 
Hrn), 7.50 (1 H, t, J=7.0 Hz, Hp), 7.43 (2H, d, J=5.0 Hz, 
H6tpy), 7.35 (2H, d, J = 4.7 Hz, H6), 7.17 (4H, m, H5,Stpy). 'H 
NMR (CD,OD, 250 MHz, 298 K): 3 9.38 (2H, s, H3'), 9.02 
(2H, d, J= 8.2 Hz, H3tpy), 8.97 (2H, d, J= 7.9 Hz, H3/3tpy), 
8.77 (2H, d, J =7.9  Hz, H3/3tpy), 8.35 (IH, t, J =8.1  Hz, 
H4ttpy), 8.47 (2H, d, J=8.7 Hz, Ha/b), 8.04 (6H, m, Hal 
b,4,4tpy), 7.87 (2H, dd, J = 8.4, 1.5Hz, Ho/tn), 7.58 (7H, m, Ho/ 
,n,p,6,6tpy), 7.32 (4H, t, J = 6.7 Hz, H5,5tpy). 
The chloride salt was prepared in 53% yield in an analogous 
fashion, precipitating by addition of a saturated methanolic 
solution of lithium chloride. 
(Ra(biptpy)C1 3] 
Biptpy (0.1008 g, 0.026 mmol) and ruthenium(m) trichioride 
(0.0543 g, 0.026 mmol) were heated to reflux in ethanol (25 
cm') for I h to give a red solution. On cooling a red solid 
of [Ru(biptpy)C1 3] separated and was isolated by filtration. It 
was washed with ice-cold ethanol and taken onto the next step 
without further purification (0.1427 g, 92 0/.). 
(Ru(biptpy) 21[PEJ, 
Biptpy (0.0200 g, 0.05 mmol) and [Ru(biptpy)Cl,] (0.0307 g, 
0.05 mmol) were heated to reflux in methanol (15 cm') contain-
ing a few drops of 4-ethylmorpholine for 4 h. The resulting red 
solution was cooled and treated with saturated methanolic 
solution of ammonium hexafluorophosphate. On cooling, a 
brown solid separated and was isolated by filtration (0.0373 g, 
62%). The red solid was recrystallised from acetonitrile by the 
slow diffusion of benzene. IR (K13r): v 2985m, 2939m. 2726m, 
2692m, 2596w, 1616m, 1605m, 1469m, 1430w, IllOs, 921w, 
833s, 771w, 559s cm'. MS (+ve FAB): mhz 486 [Ru(biptpy)], 
872 [Ru(biptpy) 2], 1017 [Ru(biptpy) 2(PF6)]. Found: C, 56.4; 
H, 3.5; N, 6.9. Cale. for RuC MH 3RN6P2F,, -0.25C6H6: C, 56.4; 
H, 3.4; N, 7.1%. UV-Vis (MeCN): (a) 238 (66000), 279 
(100000), 314 (110000), 494 (45 000 cm' me] - '). 'H NMR 
(CDJCN, 250 MHz, 298 K): 3 9.09 (2H, 5, H3'), 8.70 (2H, d, 
J=8.2 Hz, 1­13), 8.32 (2H, d, J=8.7 Hz, Ha/b), 8.05 (2H, 4, 
J = 8.4 Hz, Ha/b), 7.97 (2H, td, J = 1.5, 7.9 Hz, 1­14), 7.86 (2H, 
d, J = 6.9 Hz, Holm), 7.52 (3H, m, Ho/m,p), 7.46 (2H, d, J = 4.1 
Hz, H6), 7.20 (2H, ddd, J=7.9, 5.8, 1.5 Hz, 1­15). 'H NMR 
(CD,OD, 250 MHz, 298 K):,5 9.35 (2H, s, H3'), 8.92 (2H, d, 
J=7.8 Hz, 1­13), 8.42 (2H, d, 1= 8.7 Hz, Ha/b), 8.04 (4H, m, 
H4,aib), 7.82 (2H, dd, J= 1.5, 8.4 Hz, Holm), 7.58 (4H, m, Ha/ 
b,6), 7.46 (1 H, m, Hp), 7.29 (2H, ddd, J= 7.6, 5.8, 1.5 Hz, 
H5). 
The chloride salt was prepared in 54% yield in an analogous 
fashion, precipitating by addition of a saturated methanolic 
solution of lithium chloride, and the tetrafluoroborate salt 
prepared in 58% yield by addition of a saturated methanolic 
solution of ammonium tetrafluoroborate. 
[Zn(biptpy) 2]1PFJ 2 
Biptpy (0.0200 g, 0.05 mmol) and zinc(ii) acetate (0.0057 g, 
0.026 mmol) were heated to reflux in methanol (15 cm') for 
12 h. The resulting clear solution was cooled and treated with 
saturated methanolic ammonium hexafluorophosphate. On 
cooling, a cream solid separated and was isolated by filtration 
(0.0184g. 630/6). IR (KBr): v 1604s, 1573s, 1477s, 1427s, 836s, 
794s, 767s, 559s cm'. MS (-1-ye FAR: ink 834 [Zn(biptpy),J, 
979 [Zn(biptpy)2(PF6)]. Found: C, 55.9; H, 3.4; N, 7.1. Cale. for 
ZnCMH ],N6PIF, l -2H20: C, 55.8; H, 3.6; N, 7.2%. 'H NMR 
(CD,CN, 250 MHz, 298 K): 89.05 (2H, s, H3'), 8.75 (2H, d, 
J= 8.1 Hz, 1­13), 8.33 (2H, d, ./=8.8 Hz, Ha/b), 8.19 (21-1, td, 
J=7.5, 1.5 Hz, 1­14), 8.05 (2H, d, J=8.7 Hz, Ha/b), 7.85 
(4H, m, H6, ohm), 7.61 (3H, m, H,o/rn), 7.42 (2H, ddd, J= 7.6, 
5.2, 1.2 Hz, H5). UV-Vis (MeOH): (a) 238 (67 000), 285 
(63 000), 336 nm (83 000 cm' mor'). 
The tetrafluoroborate salt was prepared in 69% yield in 
an analogous fashion, precipitating by addition of a saturated 
ethanolic solution of ammonium tetrafluoroborate. 
[Cd(biptpy)211PF6]2 
Biptpy (0.020 g, 0.05 mmol) cadmium(u) acetate (0.007g. 0.026 
mmol) were heated to reflux in methanol (15 cm') for 12 h. The 
resulting colourless solution was cooled and treated with 
saturated methanolic ammonium hexafluorophosphate. On 
cooling, a cream solid precipitated and was isolated by fil-
tration (0.042 g, 72 0/6). 1k (KBr): v 1600m, 1477m, 840s, 794m, 
767m, 559m cm'. MS (+ve FAD): m/z 882 [Cd(biptpy) 2], 1029 
[Cd(biptpy),(PF 6)]. Found: C, 53.1; H, 13; N, 7.1. Cale. for 
CdC 54H36N6P2F 11-2.5H 2O: C, 53.2; H, 3.6; N, 6.9%. 'H NMR 
(CD3CN, 250 MHz, 298 K): 89.01 (2H, s, H3'), 8.80 (2H, d, 
.1=8.0Hz, 1 ­13), 8.28 (2H, d, J= 8.7 Hz, Ha/b), 8.23 (2H, td, 
.1 = 7.9, 1.5 Hz, 1­14), 8.10 (2H, d, J= 4.7 Hz, 1­16), 8.03 (2H, d, 
.1=8.7 Hz, Ha/b), 7.85 (2H, dd, .1=8.4, 1.5 Hz, Holm), 7.55 
(5H, m, H5, p,o/m). UV-Vis (MeCN): A, (a) 236 (60 000), 
285 (59 000), 326 nm (70 000cm mol'). UV-Vis (MeOH): 1., 
(a) 233 (37 000), 286 (46 000), 322 nm (36 000 cm' mor'). 
The tetrafluoroborate salt was prepared in 73% in an 
analogous fashion, precipitating by addition of a saturated 
methanolic solution of ammonium tetrafluoroborate. 
X-Ray crystallography 
The crystallographic data for all the compounds examined are 
collected in Table 7. 
[Co(biptpy),](PFJ, and (Ni(biptpy) 2](PFJ 2. Data were meas-
ured on a Siemens SMART" three-circle system with CCD 
area detector using the oil-mounting method at 180(2) K (main-
tained with the Oxford Cryosystems Cryostream Cooler)." 
Absorption correction by Psi-scan. The structures were solved 
by direct methods using SHELXS (TREF). 
(Co(biptpy)21(PFJ 1. Crystal character: red blocks. The 
crystals of the cobalt,) complex were severely twinned, but the 
selected crystal had one dominant component. The data were, 
however, significantly contaminated by spurious reflections, 
which undoubtedly explains the relatively high R-value 
obtained. Systematic absences indicated either space group Cc 
or C2/c. The former was chosen for structure solution and 
shown to be correct by successful refinement. Inspection of the 
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final structure did not reveal any additional symmetry. The 
asymmetric unit includes one molecule of tetrahydrofuran. The 
absolute structure of the individual crystal chosen was checked 
by refinement of a delta-f" multiplier. Absolute structure par-
ameter x = 0.10(4). This gives a rather weak indication that the 
absolute structure is correct. Floating origin constraints were 
generated automatically. Refinement used SFIELXL96. 55 
INI(biptpy)21[PFj2. Crystal character: yellow-orange plates. 
The crystals tend to be twinned, but the crystal used was pri-
marily a single component. Systematic absences indicated either 
space group Pbam or Pba2. The second was chosen initially, 
and the structure solved. Inspection revealed the presence of 
mirror symmetry and the structure was transformed into Pbam. 
The Ni, both P atoms and several F atoms lie on 2-fold axes. 
The anions show indications of severe disorder and two low-
occupancy F atoms and a number of partial occupancy solvent 
atoms were added to compensate for this and for a disordered 
solvent molecule (possibly ether). The P—F and F - - - F dis-
tances were constrained to standard values. The relatively 
high final R-value is readily understandable in the light of the 
partial twinning and the severe disorder. Refinement used 
SHELXTL.' 
(Cd(biptpy)21[PF6] 2, (Zn(biptpy)2][BF4]21 1Ru(biptpy)2][8F42, 
[Cu(biptpy)2](PF6], and (Ru(tpy)(biptpy)]C1 2. Data were meas-
ured using a Nonius Kappa CCD diffractometer. Data were 
collected and processed with the HKL package of program S17 
The cadmium and Ru(biptpy) 2 complexes were solved with 
SHELXS-97 59 and the zinc, copper and Ru(tpy)(biptpy) com-
plexes with S1R92. 59 The structures were refined by full-matrix 
least squares on F2 with the SHELXL-97 programs. 5° The 
S1R92 and SHELX-97 programs were used within the WinOX 
suite of programs. 6° Absorption correction for the cadmium, 
zinc and Ru(biptpy) 2 complexes was done using SORTAV 61 
but the HKL package produced better data in these structures. 
The HKL package was used in final refinements of all the 
structures. 
The cadmium complex [Cd(biptpy)[PF 6] 1 crystallised with 
benzene and nitromethane solvent molecules and the zinc com-
plex [Zn(biptpy) 2][BF4] 2 with acetonitrile and water. In the case 
of the cadmium complex the nitromethane solvent molecule 
was disordered over two sites; it was refined isotropically with 
geometrical restraints. In the zinc complex both BF, anions 
were also disordered over two sites. Geometrical restraints were 
used for the BF4 tetrahedra. In the zinc complex, a water 
molecule was located (hydrogen atoms not located). 
The [Ru(biptpy)2][8F4] 2 complex crystallised with nitro-
methane and water solvent molecules. Only the solvent mole-
cules were disordered. One nitromethane is on a mirror plane. 
The second and third nitromethane molecules are disordered 
over two sites (refined isotropically with geometrical restraints). 
One water molecule is disordered over four sites. 
The copper complex [Cu(biptpy)J[PF 6 ] 2 crystallised with 
nitromethane, methanol and benzene solvent molecules. The 
crystal quality was poor and the poor final R-value is attributed 
to the weak reflection data = 0.125, R, g = 0.23) and dis-
order of anions and solvent molecules. One of the PF 6 anions 
was disordered over two sites. In the other PF 6 anion one 
fluorine atom was divided over two sites. Geometrical restraints 
were used to keep P—F distances chemically reasonable. The 
nitromethane molecule situated on a mirror plane was dis-
ordered over two sites. A benzene molecule was found on a 
symmetry element. The methanol molecule was found and 
refined with population parameter of 0.5. 
In the ruthenium mixed ligand complex, [Ru(tpy)(biptpy)]-
Cl2, the crystal quality was also poor and the solvent molecules 
extremely disordered. Solvent electron density was spread 
around the Ru(l) complex and could not be identified as separ-
ate molecules, having many short contacts. All solvent peaks 
1460 	.11 Chem. Soc., Dalton Trans., 2000, 1447-1461 
were refined as oxygen atoms with population parameters 
chosen to create reasonable temperature factors (<0.2). 
CCDC reference number 18611899. 
See http://www.rsc.org/suppdataJdtJb0/b000871kJ  for crystal-
lographic files in .cif format. 
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